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SYNOPSIS
The aim of this study has been to investigate stress-induced whitening in 
glass fibre/epoxy (0,90)s laminates and to develop a technique to monitor the 
low strain damage associated with it. The effect of resin cure, laminate 
geometry, heat treatment and surface finish of glass fibres on the extent and 
development of damage has also been studied.
It has been 'found that the whitening is caused by the development of 
micro-cracks in the resin. The micro-cracks developed in the 90° ply and 
occurred predominantly at or near points of contact between fibres where the 
strain magnification in the resin is highest. The cracks occurred near the 
fibre/matrix interface and extended into the resin with the crack faces lying 
at 90° to the loading axis.
Careful observation under oblique illumination conditions has shown that the
whitening effect is preceded by other colour effects so that the laminate is
observed to gradually change colour from an original blue through to red or 
white depending on the level of cure of the matrix resin. The whitening is a 
result of ordinary diffuse reflections from cracks that are larger than the 
wavelength of light and occurs when the level of cure of the matrix system is 
low while the reddening is the result of Rayleigh or Mie scattering from 
cracks that are smaller than the wavelength of light and occurs when the 
level of cure of the matrix is high.
An off-axis LASER diffraction technique has been developed to monitor the 
amount of damage in the transverse ply of laminates by measurement of the 
intensity of light diffracted by the micro-cracks. In addition to confirming 
the results obtained from photomicroscopy, it revealed that decreasing the 
inner 90° ply thickness in (0,90)s laminates resulted in a substantial 
increase in the amount of microdamage in the laminate. Heat treatment of the 
laminate after testing resulted in the disappearance of whitening and healing 
of micro-cracks in the resin which continues to cure during heat treatment. 
Successive heat treatments reduced the size of micro-cracks which developed 
on reloading. In addition to decreasing the rate of re-development of the 
original cracks on reloading, the heat treatment reduced the rate of
development of "new" cracks formed at higher applied strains.
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C H A P T E R  1
INTRODUCTION
Composite materials are characterised by their relatively high specific 
stiffness and strength and have been developed to meet the specific 
requirements of advanced technology. Fibre reinforced materials offer the 
additional advantages of design flexibility so that the materials can be
"tailored" for a particular purpose through control of fibre and matrix
composition and fibre orientation.
Although fibre orientation allows a high modulus and strength to be achieved 
along the principal loading axis the properties of continuous unidirectional 
fibre reinforced composites are anisotropic and the transverse modulus and 
strength are an order of magnitude lower than the longitudinal modulus 
strength. This is often a cause for concern since transverse stresses are
unavoidable in most real applications. As a consequence the properties of a
continuous fibre reinforced composite are usually optimised by stacking 
unidirectional laminae at various specified angles. The properties of the 
laminates formed by this process depend not only on the properties of the 
individual laminae but also on their thickness and stacking sequence.
Glass fibre reinforced laminates are excellent materials for fundamental 
studies on the fracture behaviour of composites since they can, by the 
correct choice of resin, be made transparent and any fracture phenomena may 
then be studied using optical methods. These have the advantage of being 
direct and do not require the specimen to be treated in any way as is
necessary, for example, in X-ray radiography performed on carbon fibre
composites, which relies on the effectiveness of a radio opaque penetrant.
Cross-ply (0,90)s laminates represent model systems which allow the effects 
of transverse tension to be studied since a single fracture of the transverse 
ply at one location does not result in total failure of the laminate. 
Instead failure of the transverse ply may be regarded as sub-critical damage 
because the transverse ply can still be loaded through the zero degree plies. 
Transverse ply cracks are generally considered to be the first characteristic 
form of damage which may be observed in such laminates. However, in many
laminates, it is possible to observe other forms of damage in the transverse
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ply prior to the onset of transverse ply cracking. For example, Wanders et 
al [1] have reported the observation of stress-induced "whitening" in (0,90)s 
glass/epoxy laminates, prior to transverse cracking.
This study is based on the reported occurrences of "stress-whitening" and 
"reversible debonding" in (0,90)s cross-ply glass/epoxy laminates [1,2]. In 
(0,90)s cross-ply laminates with relatively thick inner 90° plies (1 mm) this 
"debonding" effect was identified by a decrease in laminate modulus shown as 
a "knee" in the stress/strain diagram (Figure 1(a)). The "knee" appeared at 
a strain, 6 5^ , much below the strain, e£C, at which the first easily visible 
macroscopic failure event, the transverse ply crack, occurred. After heat 
treatment of the laminate for 30 mins. at 100°C, the modulus was seen to
recover (Figure 1(b)). The laminate also appeared to "whiten" at the
debonding strain. In situ experiments, using a straining stage placed inside 
a scanning electron microscope, on cross-ply laminates containing relatively 
thin inner plies (0.5mm) showed fibre/resin debonding at the interface. 
However, a "knee" corresponding to debonding in the stress/strain curve was 
not visible in these laminates [3], possibly because the stress/strain 
response of these laminates is dominated by the outer 0° plies.
These observations provided an opportunity to study debonding as an event 
occurring prior to the widely studied macroscopic phenomenon of transverse 
ply cracking in cross-ply laminates. Furthermore, the recovery of the
laminate modulus after heat treatment merited further investigation on
possible rebonding mechanisms at the interface. Although the phenomenon of 
debonding and its possible reversibility were reported, no quantitative data 
regarding the, corresponding modulus changes were provided. In addition, no 
microscopic evidence of the reversible phenomenon had been presented. Black 
and white photographs of "stress-whitening" in laminates made from the same 
glass fibres but a more highly cured matrix system (compared to the system 
reported in reference 2 ) were published by Manders et al [ 1 ].
The objective of this work was to investigate the low strain damage in 
glass/epoxy (0,90)s laminates, develop techniques to monitor and characterise 
the damage, and establish the mechanism of "reversible debonding" and 
"stress-whitening". To this end, transparent (0,90)s cross-ply laminates 
were fabricated from continuous E-glass fibres and epoxy resin with varying 
inner ply thickness and matrix cure levels. The properties of both the 
matrix and the laminates were characterised. A variety of optical techniques 
including colour macro-photography, polished edge transmission microscopy and
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in situ optical microscopy were used to observe the onset and development of 
damage under uniaxial tension. A LASER diffraction technique was developed 
in which the intensity of light diffracted by micro-cracks was used as a 
measure of damage. The effects of heat treatment on the development of
damage within the laminates were studied both quantitatively and by
microscopic techniques.
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Figure 1 (a). Stress/strain diagram of a (0,90)s glass/epoxy laminate, from 
Parvizi et al [2], reportedly showing two "knees"; the first observed at 0.3% 
strain was associated with a whitening effect and the second "knee", at 0.55% 
strain, was associated with the appearance of a transverse ply crack.
Figure 1 (b). Load/unload curves for a (0,90)s glass fibre/epoxy laminate, 
from Parvizi et al [2] who observed that "Upon reloading, the annealed 
composite behaved exactly like an "as new" specimen with the "whitening" and 
the "knee" both appearing at the same strains as observed in a new specimen."
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C H A P T E R  2
LITERATURE REVIEW
In this chapter, the properties of the individual phases of the glass fibre
reinforced epoxy laminates and their behaviour as a composite system are
reviewed in relation to the available literature. There are two main 
processes during the manufacture of a given fibre/resin composite system 
which control the nature of the interfacial bond and hence, affect the 
transverse properties of the composite. The first is the surface treatment 
of the fibres and the second is the in situ curing of the resin around the 
fibres. The glass fibre surface is treated with film formers, and other 
compounds such as lubricants and anti-statics to ease processing and protect 
the fibre surface during manufacture. Coupling agents are also used to 
improve the bonding between the fibre surface and the matrix. The interface 
which develops between the two constituents may be considered as a finite 
region having specific properties. Thus, it is often referred to as the 
interphase and regarded as a third component of the composite system.
The resin is brought into contact with the fibres when it is in the liquid 
state and normally cured at an elevated temperature. The resin shrinks as it 
cures and internal stresses can arise due to the presence of the glass fibres 
which do not undergo any chemical shrinkage. The direction of these stresses 
can vary depending on the fibre packing geometry. The unidirectional lamina 
is cooled to room temperature after curing or post-curing and this gives rise
to further internal stresses in the composite because the differential
thermal contraction of the two constituents is resisted by the adhesive bond 
between them. The stresses become inherent in the lamina. In angle-ply 
laminates, such as the (0,90)s laminates, further internal stresses are 
developed since the thermal expansion coefficients of the laminae, in a given 
direction, vary with fibre orientation. The differences in the properties of 
the fibre and the resin and of the individual laminae, the fibre size and 
packing geometry, and the fibre volume fraction govern the stress 
distribution around the interface and within the laminate prior to external 
loading and also when under an externally applied load.
The adhesive strength of the fibre/matrix bond and the above mentioned 
factors are important considerations in the understanding of the 
micromechanics of failure in cross-ply laminates and are discussed in the 
following sections. Transverse ply cracking in cross-ply laminates has been
widely studied and is related to the debonding and micro-cracking which
precedes it and is, therefore, also discussed in this chapter.
2.1. Glass Fibres
The high ideal strength of covalently bonded brittle materials, such as 
glass, can only be realised if they are free from surface and internal flaws. 
In order to minimise the probability of flaws, glass is often used in a 
fibrous form and is then suitable for use as reinforcement in matrix 
materials such as polyester and epoxy resins. E-glass fibres are the most 
commonly used. The fibres or filaments are grouped into strands, each strand 
usually containing 102 or 204 filaments. The filaments may be twisted into 
yarns and then woven into cloth or they may be collected into rovings, 
usually 20 to 60 parallel strands in a bundle. They may be further processed 
into mats of either continuous or chopped rovings. The diameters of 
commercial glass fibres are normally of the order of 10 microns. During the 
manufacture of the fibres, damage to them is minimised by treating the glass 
surface with a "size" or "finish" consisting of an emulsion or solution of 
lubricants, anti-statics, coupling agents and film formers.
The surface of glass fibres is relatively smooth compared to fibres such as 
carbon which in addition to having a rough surface also contain micro-pores. 
The surface free energy of the glass fibre depends on its chemical
composition and governs the wettability of the fibre and its chemical
reactivity. Owing to the curved surface and small size of the fibres,
critical surface energy data is difficult to obtain and appears to depend on 
the technique used for measurement [4]. As a result, quantitative 
correlation between fibre wettability and the strength of the interfacial
bond between glass fibre and resin has been difficult to establish 
conclusively. There are also difficulties in accurately assessing the 
interfacial bond strength. Nevertheless, it has been shown qualitatively 
that the interfacial bond is influenced by fibre wettability and chemical
reactivity [4]. The chemical reactivity of the fibre governs its ability to
form chemical bonds and thus, influences the vulnerability of the glass 
surface to attack from the environment.
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E-glass is a soda-free calcia-alumina-borosilicate glass. A typical 
composition is 54% silica, 14% alumina, 17% calcium oxide, 8% boron oxide and 
4% magnesium oxide. Iron, sodium, and potassium oxides may be present in 
very small amounts [BI], The composition of metal oxides near the fibre 
surface is different from that of the bulk [5]. The external environment can 
affect the non-silicate portion of the glass fibre. Calcium, for example, 
can diffuse towards the surface at high temperatures and aluminium can be 
leached out by acids. The glass surface is also hygroscopic in nature and 
after contact with water the surface oxides become hydrated. Koenig et al
[6], using LASER Raman spectroscopy, have demonstrated the presence of
spectral lines corresponding to silanols on the glass surface, hydrogen 
bonded to absorbed water molecules. The glass surface can also have a 
catalytic effect on chemical reactions and this can influence the curing 
reaction of the resin. Infra-Red spectroscopy has shown the preferential 
absorption of an amine catalyst in an epoxy resin system onto the glass
surface [7].
The properties of the glass fibres are generally believed to be isotropic
since the physical structure of glass is amorphous and based on a 
three-dimensional random network of covalently bonded silica. The metal ions 
are attached ionically to oxygen on the network. The Youngs modulus of the 
fibres is approximately 72 GPa. [B2]. The fibres remain linearly elastic to 
failure which is brittle (glass is a nearly ideal Griffith solid). 
Commercial E-glass fibres have tensile strengths in the range of 1.4 to 2.5 
GPa [ B2]. This variability arises from surface flaws which inevitably result 
from handling during the various stages of processing and testing. The 
strength of glass fibres is, thus, usually described using Weibull
statistics. The properties of glass fibres are stable and reversible up to a 
temperature of 250°C. Elongation to fracture is typically 1.8 to 3.2%
strain. The thermal expansion coefficient of glass fibre at 20°C is
4.9 x 10 K**1 [B2], This is lower than that of the resin used in this
study which has a thermal expansion coefficient of 63 x 10~6 K- 1 [ 8] and
leads to the development of residual thermal stresses in the laminate. The 
refractive index of the glass is 1.55.
2.2,Epo*y Resins
The term epoxy or epoxide refers to a chemical group consisting of an oxygen 
atom bonded with two carbon atoms already united in some way. The simplest
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epoxy is a three membered ring to which the term a-epoxy or 1 ,2-epoxy is 
applied. Ethylene oxide is an example of this,
0
/  \
CH2 " ch2
Many of the common mono-epoxies have trivial names such as epichlorohydrin,
0 0
A  / \
CH2 - CH CH2 Cl CH2 - CH CH2
epichlorohydrin glycidyl group
The term glycidyl is used to refer to the terminal epoxy group (see above), 
the name being modified by ether, ester, amine, etc., depending on the nature 
of the group attached to the third carbon.
An epoxy resin is defined as any molecule containing more than one a-epoxy
group capable of being converted into a useful thermoset form. The term is
used to indicate the resins in both the uncured and the cured state.
The materials first called epoxy resins were synthesised by Castan in 1936 in 
Switzerland [B3]. His work was later licensed to Ciba Ltd. The resins,
reaction products of epichlorohydrin and Bisphenol-A, were produced 
commercially in 1947. By 1960 over 25 distinct types of resins were
commercially available and the term epoxy resin became generic and is now
applied to a wide family of materials.
The resin used in the present work was Shell Epikote 828, a digycidyl ether
of Bisphenol-A (DGEBA). It is synthesised by the reaction of epichlorhydrin 
and Bisphenol-A in a caustic liquid. The molecular weight of the resulting 
resin depends on the ratio of epichlorohydrin to Bisphenol-A; the greater the 
proportion of epichlorohydrin, the lower the molecular weight. Epikote 828
has a molecular weight of approximately 380. The chemical structure is shown
in Figure 3.1(a). The cured structure is a heteropolymer composed of epoxy
resin molecules linked together through reactive sites of the curing agent. 
The epoxy group can react either anionically or cationically. The formation
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of anions and cations is a complex process. The reactivity depends on 
whether the epoxy group is terminal, internal or ring-situated.
2.2.1.Curing of epoxy resins
The basic curing agents employed in epoxy resin technology are Lewis bases, 
inorganic bases, primary and secondary amines and amides. The acid curing 
agents are carboxylic acid anhydrides, di-basic organic acids, phenols and 
Lewis acids. The organic bases such as tertiary amines represent the more 
reactive type Lewis bases suitable for curing epoxy resins. Tertiary amines 
react preferentially with anhydrides and are used as accelerators in epoxy 
resin systems where an anhydride is employed as the hardener. Cyclic 
anhydrides cannot react directly with epoxy groups and in order for the 
reaction to occur, the anhydride ring must be opened. This function is 
performed by a tertiary amine which reacts with the anhydride to generate a 
carboxyl ion. The carboxyl ion then reacts with the epoxy group to release 
an ion which opens another anhydride ring and an alternating copolymer is 
formed.
In the present work Epikote 828 was cured with 'Nadic' methyl anhydride (NMA)
at 80 parts per hundred of resin and benzyl dimethyl amine (BDMA) as the
accelerator in small amounts (0.5 to 3.0 %). NMA, normally a solid, is made 
into a yellow liquid by the addition of 0.1% Phosphoric acid. The reaction 
rate is dependent on the accelerator concentration [9]. The chemical 
structure of NMA, BDMA and the resulting material are shown in Figure 3.1(b),
(c), and (d) respectively. Table 2.1 shows some physical properties of a 
DGEBA resin cured with NMA and BDMA. The table shows that the resin is a 
bi-modular material in which the tensile and compressive modulus are 
different.
Curing of epoxy resins is normally carried out at an elevated temperature. 
With anhydride curing systems, the exotherm is reported to be only 20 to 30°C 
above the cure temperature [10]. During the early stages of cure of an 
epoxy, before, the molecules are all cross-linked, the resin exists as a 
'gelled' or B-stage resin. It is hard but frangible and soluble in
solvents such as acetone. At this point the cure reaction has been initiated 
at a number of reactive points in the mass. Additional curing makes the 
cross-linking more general and the resin reaches its thermoset stage. In 
general, post-curing the resin at temperatures higher than the cure
temperature produces an improvement in some properties because the diffusion
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controlled cure reactions become more probable above the glass transition 
temperature of the resin.
In epoxy resin technology, the degree of cure has come to refer to the extent 
to which the epoxy groups have been consumed. For practical purposes, a 
fully cured resin is considered to be one in which the degree of 
cross-linking is sufficient to provide optimum properties for a particular 
application. During cure, two processes occur: Conversion, which is the 
consumption of reactive groups, and cross-linking which is the coupling of 
molecules into a three dimensional network through reactive sites (as opposed 
to the mere formation of long linear non-cross-linked resins). The nature of 
the network and the extent of cross-linking of an epoxy system cured with a 
tertiary amine will depend on the concentration of the curing agent as well 
as the temperature of cure. The extent of conversion of the cured resin may 
be the same under both conditions. The different cross-linking densities 
which may arise, however, means that the properties of the two cured systems 
will differ significantly.
The post-cured resin is a rigid amorphous glass-like solid with a network 
structure developed through cross-linking via the reactive epoxide groups and 
the reactive groups on the hardener. The hardener becomes part of the 
network so that the amount and type of hardener affects the properties of the 
resulting material, as does the curing schedule. The glass transition 
temperature, Tg, of the resin indicates the extent of cross-linking. The Tg, 
associated with the glass-rubber transition, is a second order transition 
caused by the thermal agitation freeing parts of the resin chain allowing, it 
to rotate around its bonds.
2.2.2. Shrinkage
One of the important changes which occur in the resin mixture during curing 
and subsequent heat treatments is shrinkage. This is the reduction in volume 
or linear dimensions which occurs while the system transforms from the liquid 
state through to the solid state. The shrinkage is of two kinds. The first
is curing shrinkage which is caused by the reaction and re-arrangement of the 
molecules into a more compact configuration. The second is thermal shrinkage 
which occurs when the resin is cooled down to room temperature from the 
higher processing temperature. A distinction should also be made between 
shrinkage changes in the liquid phase and those in the gelled or solid phase. 
So long as the changes occur in the liquid phase, no internal stresses can be
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generated. In the gelled or solid phases stresses can appear and are 
unavoidable if materials which do not have the same expansion coefficient as 
the resin are embedded in it. There remains the possibility that curing 
shrinkage stresses occurring in the gelled state can be annealed out since 
the resin still has a viscous component. Thermal shrinkage stresses cannot 
be annealed out.
Shrinkage and density changes can be understood with reference to Figure 2.1 
which is reproduced from 'The handbook of epoxy resins' [B3]. The figure
shows the density and percentage linear shrinkage {with reference to the
cured resin at 20°C) against temperature for a DGEBA resin cured with
phthalic anhydride. The effect of time at temperature has been ignored for
simplification. The uncured resin mixture has a density of 1.229
(extrapolated to 20°C). Assuming that the heating up is very rapid and that
no reaction occurs during this time, the decrease in density with increasing
temperature will be linear (line AB) according to the equation [B3],
Dt = 1.229 [1 - 6 .8  X IO-4  (T - 20)] (2 . 1 )
where T is the temperature at which the density is being calculated and Db is 
the density. If curing is carried out at a constant temperature of 120°C, 
the density will now increase until curing is complete (point D). When the 
cured resin is cooled down to room temperature, two different expansion or 
contraction coefficients must be taken into account. Down to a temperature
of about 105°C (DE) the change in density is given by,
Dt = 1.205 [1 - 5 X IO-4  (T - 110)] (2.2)
Below 105°C, the density changes according to,
Dt = 1.23 [ 1 - 2.2 X 10' 4 (T - 20)], line EF. (2.3)
The point E at the intersection of the two lines is, by definition, the glass 
transition temperature, Tg. At 20°C, the density of the cured and uncured 
mixture is practically identical but this is not always the case. In the 
above resin mixture, the isothermal shrinkage due to curing is distributed 
equally between the liquid and solid phase (this is not always the case). A
gel line can, thus, be drawn as shown in Figure 2.1. The shrinkage which
causes stresses to build up occurs below this line (represented by CG).
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The observations made above are only valid if the heating up time, as 
assumed, is very rapid and curing is carried out at a constant temperature. 
This may be true for small quantities of resin but for larger quantities a 
partial reaction can occur during heating up and an exotherm is inevitable. 
The density curve is then non-linear and goes from A to M. From here, if the 
reaction is very fast so that after passing the gel line the decrease in 
density caused by the rise in temperature (due to the exotherm) is greater 
than the increase in density caused by the chemical reaction, then the curve 
follows the dotted line MN and the shrinkage in the solid or gelled phase is 
determined by the maximum temperature reached during cure (line NO). On the 
other hand if after heating up to point M the chemical reaction shrinkage is 
greater than the expansion caused by the rise in temperature, then the 
density shows a continuous increase and the rise in temperature no longer 
causes shrinkage (MPQ). Shrinkage in the solid or gelled phase in this case 
is determined by the temperature at the intersection of the gelled line 
(point P) and is represented by the line PR.
To minimise shrinkage, therefore, the exotherm should pass the gel line at 
the lowest possible temperature and on passing this line the reaction should 
proceed slowly so that chemical shrinkage is always greater then the thermal 
expansion caused by the rise in temperature [B3].
2.2.3. Fracture of epo*y resins
The room temperature tensile stress/strain properties of typical epoxies
generally show a linear relationship. Near to the glass transition 
temperature, the resin shows signs of visco-elastic behaviour and plastic 
deformation is observed prior to failure. Depending on the mode of loading, 
the room temperature brittle behaviour can be suppressed. In uniaxial
tension the resin is brittle and fails at low strains since its behaviour is 
flaw sensitive. In uniaxial compression or pure shear, significant plastic 
deformation and yield can occur.
The fracture behaviour of epoxy resins, like most brittle solids, can be 
described by two well known parameters. These are the critical strain energy 
release rate, Gc, often referred to as the fracture energy and the critical 
stress intensity factor, Kc, often referred to as the fracture toughness. In 
molecular terms, fracture involves the rupture of primary covalent bonds or 
secondary Van derWaals bonds through molecular "pull-outs". In network
polymers such as epoxy resins the extent to which the latter can occur is
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limited as a result of the chemical cross-links and so fracture occurs mainly 
by primary bond rupture. The measured fracture energy, G0, of the resins has 
been found to be even higher than that required to break primary bonds and 
has to be corrected to allow for all the bonds between cross-links of a 
chain, through which a crack is propagating, to be stressed to their breaking 
point before the chain breaks [ B4].
Fracture even in the most brittle polymers is believed to involve 
visco-elastic or plastic energy dissipative processes under the high stresses 
experienced near the crack tip. The term, Gc, is then used to encompass all 
energy losses. Thus,
Gc = G0 + Q (2.4)
where Q is the visco-elastic component [B4]. Q for a given resin composition 
depends on the rate and temperature of testing and the crack growth rate. 
The differences between values of Gc shown in the literature compared to 
those of G0 indicate that the yield criterion is exceeded in regions near the 
crack tip suggesting that flow processes occur [ 1 1 ].
Fracture in glassy polymers is believed to occur when highly localised 
yielding due to local stress concentrations generates an area of highly 
strained material. The most highly strained molecules are broken and 
preferential chain disentanglements occur. Micro-voids are then nucleated 
and can increase in size and number with increasing strain producing crazes 
or micro-cracks. A craze is a thin plate-like region, containing material 
composed of oriented polymer and void. The craze structure in thermoplastics 
has been well characterised and has been shown to result from localised 
molecular orientation [B5]. In thermosetting polymers such as epoxy resins 
where flow is restricted due to the cross-linked network, the same process of 
molecular orientation would require bond rupture. Crazing is, therefore, 
less energetically favourable and experimental evidence has suggested that 
crazing does not occur [12]. Yamini and Young [13] found no evidence of craze 
debris on the. fracture surfaces of epoxy resin (Epikote 828) hardened with 
different amounts of Triethylenetetramine (TETA). Crazing at the tip of 
cracks in thin films of undercured epoxy resins has been reported [14] but 
the evidence for this was inconclusive because the crazes were difficult to 
distinguish from micro-cracks.
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"Craze" like behaviour has also been reported by Li 11ey et al [15] in a
"fully" cured Epikote 828, NMA and BDMA system similar to the one used in the
present study. A pattern of "craze" like features was observed at the tip of 
a wedge loaded crack. The crack-like defects were formed perpendicular to 
the principal loading axis. Tensile surfaces of loaded cantilever beams were
also reported to show these features with denser arrays near notches and near
crack arrest points. Lilley et al suggest that as there was little apparent 
interaction between closely spaced features these must be load bearing, which 
satisfies the phenomenological criterion for crazes. Their results suggest
that regions of intense localised plastic strain might occur in fully cured
resins. The internal structure of the craze-like features is not reported 
but from a structural viewpoint might be expected to be dissimilar to that 
found in thermoplastics. This might explain why fracture surfaces showing 
"typical" craze debris have not been observed in epoxy resin systems.
Since epoxy resins are cured by the addition of a hardener, it has been
suggested that there could be inhomogeneities in the resin at a microscopic 
level. The resin is believed to contain a microstructure of nodules of
highly cross-linked material surrounded by a less cross-linked matrix. 
Mijovic and Koutsky [12] have shown such a nodular structure on replicas 
taken from the fracture surfaces of diethylenetetramine (DETA) cured resin. 
The nodular size was found to decrease with increasing concentration of DETA. 
Yamini and Young [13] have shown that for Triethylenetriamine (TETA) cured 
Epikote 828, the nodule size is also affected by post-cure temperature such 
that it is large (lOOnm) for an undercured resin and small for a more highly 
cured resin. It is not known whether the size of the nodules directly 
affects the mechanical properties of the resin.
Yamini et al [13] also examined the flow and crack propagation behaviour of 
the epoxy resins cured with TETA. The variation of Kjc (critical stress 
intensity factor) with temperature showed that below 0°C, crack propagation 
was continuous while above room temperature crack jumping occurred by a 
stick/slip process. When propagation occurred in a stick/slip manner, the 
resulting fracture surface appeared featureless upto the crack arrest point. 
This was followed by a region of slow growth (of length l r) in which closely 
spaced striations parallel to the crack growth direction were observed. 
Beyond, this, there was a rougher hackled region where the crack accelerated 
during the slip process. After this, the crack would be arrested again and 
so forth.
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The magnitude of, l r , appeared to approximate to rc, the radius of the 
Dugdale plastic zone. This can be calculated using
rc = t t / 8  ( K I c / o ^ ) 2 ( 2 . 5 )
where ay is the yield stress of the resin.
Although a plastic zone as such was not observed, Yamini and Young suggested 
a close relationship between rc and l p. The slow growth region was then 
taken to be in the plastic zone.
Gledhill et al [17] have found that if <3*, was high then crack propagation was
continuous while if ay was lowered due to formulation changes or testing
conditions, then propagation became stick/slip in nature. Using the concept 
of crack blunting, Yamini and Young [13] derived a failure criterion which 
implied that a stress, crc, of the order of three times the yield stress had 
to be reached at a critical distance ahead of the crack for failure to occur. 
It was found that increasing the amount of hardener (TETA) in the DGEBA epoxy 
resin system caused a large increase in the critical distance and a small 
reduction in o*c. The modulus and yield stress also decreased with increasing 
amounts of hardener [16]. In a composite, the glass fibres are surrounded 
by the epoxy matrix. Due to the difference in properties of the two 
materials the resin is in a complicated triaxial stress state. On loading,
therefore, the matrix resin behaves differently to bulk resin. For example,
Gaggar et al [18] have suggested that crack tip deformation may be restricted 
to a thin layer of resin if the interfibre spacing is smaller than the size 
of the plastic zone.
The processes of fracture and plastic deformation in the resin are important 
in the understanding of transverse cracking behaviour and micro-cracking in 
laminates. The appearance of the resin on transverse ply fracture surfaces 
in laminates is believed to be a good indication of the degree of adhesion of 
the fibre/matrix bond. A high degree of adhesion results in a fracture 
surface in which the glass fibres are found to be coated with resin, showing 
substantial -signs of plastic deformation. A poor fibre/matrix bond results 
in a fracture surface where the fibres appear to be relatively free of resin 
[22],
The surface energy for separating fibre/resin interfaces is calculated to be 
of the same order of magnitude as that for generating cohesive matrix cracks
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[19], which is of the order of 1 Jnr  ^ for polymers such as epoxies [20,21] . 
However, the total fracture energy consumed by a transverse crack is greater 
than 100 JnT2 [3]. Thus, it appears reasonable to assume that there are 
other energy dissipative processes taking place during transverse failure, 
for example, extensive plastic deformation of the matrix.
Lee [19] used the analogy between the fracture behaviour of adhesive bonds 
and fibre composites to develop a theoretical model to describe a restricted 
plastic zone size in composites. The concept of the restricted zone size has 
been successfully used in adhesives technology to describe the dependence of 
Gc(adhesive) on the thickness, 1h*, of the adhesive layer [23]. As *h* is 
decreased, the constraint on the crack tip deformation is increased. Wang et 
al [24] found that as the bond thickness decreased the stress ahead of the 
crack decayed more slowly than in the bulk adhesive material. Based on the 
results of Wang et al, Kinloch and Shaw [23] postulated that at large values 
of *h' (h>>2 rc, where 2 rc is the diameter of the plastic zone in the bulk
material), the constraint on the zone is negligible and Gc(adhesive) is equal 
to that of the bulk material. When 'h' is of the order of 2rc the maximum 
value of Gc(adhesive) is achieved. For h < 2rc, the constraint results in 
diminishing overall zone volume and Gc(adhesive) steadily decreases as 'h' is 
reduced to below 2 rc where 2 rc, in plane strain condition is given by,
2rc = E Gc(resin)/3re (1 -5>2) cf2 (2.6)
Where Gc(resin) is the fracture toughness of the resin, SMs the Poissons 
ratio of the resin, E is the Youngs modulus and is the yield stress of the 
resin.
By analogy, in the laminate, 'h' is replaced by 's', the average fibre 
spacing. The above argument implies an optimum fibre spacing equivalent to 
2rc. For values of Gc(resin) between 100-200 JnT2, this implies an optimum 
volume fraction of fibres of between 64 to 48% and the optimum fibre spacing 
is between 2 to 4 microns. Thus, for the high fracture energy resin the 
"optimum" volume fraction is lower (assuming a hexagonal array and modulus of 
3.8 GPa and a yield stress of 140 MPa.). The adherends are fibres in this 
case and are assumed to have overall laminate properties. A plane crack is 
then considered in the centre of the adhesive (resin). Lee's analysis [19] 
indicated that in order to resist transverse cracking in a desired resin 
system, the resin should have a large plastic zone and a high <fy2/E value in
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the zone, so that Oy2/E is at least as important as Gc(resin) in contributing 
to Gc(comp), the fracture energy of the composite. In the presence of 
thermal residual stresses, it is considered that part of the fracture energy 
can be provided by the resulting stored energy. Lee [19] incorporates this 
into his model. His experimental results indicated that the measured values 
of Gc(comp) for four different glass/epoxy resin systems increased with 
increasing volume content of resin, Vr . A plot of Gc(comp) versus Gc(resin) 
for the four systems showed that at the same Vr the fracture energies of the 
neat resins were not proportional to those of the corresponding composite. 
The results also showed that in a laminate with a severe build-up of thermal 
residual stress, the contribution to toughness by the resin alone can be 
significantly offset. Comparison between measured and estimated values of 
Gc(comp) did show a trend but there was some scatter in the results, 
particularly for the system with the lowest measured value of Gc(comp).
The work described above outlines the important resin variables that 
contribute to fracture such as transverse cracking. However, it must be 
stated that the approach employed above is limited. The constants used 
cannot be derived analytically but are assumed. It must also be noted that 
in a real laminate there is a distribution of fibre spacings and that the 
resin volume fraction measured is only an average value. The variations in 
fibre spacings result in variations in the stress distribution and become 
very significant when considering fracture processes. Finally, as Lee [19] 
points out this is a three dimensional problem which has been reduced to two 
dimensions for simplification and ignores the triaxial stress state which is 
known to exist.
2.2.4. Crack heali ng
An interesting aspect of polymeric materials reported in the literature is 
the process of craze and crack healing [25-27]. The experimental 
investigations of this effect usually involve the measurement of mechanical 
or optical properties of the material in its original undamaged state. The 
material is then subjected to a tensile or other type of load so that crazes, 
voids or cracks are produced. The same properties are re-measured. The 
material is then given a "healing" treatment which involves a healing time, 
temperature and pressure. The properties of the healed material are then 
measured. Jud and Kausch [26] measured the fracture toughness of healed 
fracture surfaces of a poly (methyl methacrylate) (PMMA) using compact 
tension specimens. The authors found that depending on the time, tp, allowed
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for healing and the healing temperature, Tp> the fracture toughness was found 
to vary from very low values (of the order of the surface free energy) to the 
fracture toughness of the original material. Wool [27] has also reported a 
number of healing experiments. In cases where microscopy, spectroscopy or 
scattering effects confirmed the presence of crazes or cracks, these were 
observed to disappear while healing occurred with the restoration of 
mechanical properties. A variety of polymers were investigated including 
filled elastomers, carbon and glass reinforced poly(carbonate), 
poly(sulphone) and even epoxies. Although healing experiments on epoxies are 
reported, no experimental evidence has been presented.' Nevertheless, the 
principles of the work of Jud and Kausch and Wool and O'Conner are considered 
here since this aspect of crack closure and healing is of interest in 
connection with the disappearance of stress-whitening after heat-treatment of 
the glass/epoxy laminates.
Wool and O'Connor [25] have postulated five stages of healing which influence 
mechanical and spectroscopic measurements. These are surface rearrangement, 
surface approach, wetting, diffusion and randomization. Wetting and 
diffusion determine the mechanical property development via an intrinsic 
healing function and a wetting distribution function. Jud and Kausch [26] 
use the three concepts of polymer-polymer inter-diffusion, adhesion between 
rough surfaces and jointing by flow of molten material to evaluate 
quantitatively the time dependent joint strength of two surfaces.
In the diffusion model it is assumed that at Tp, the molecular chains have a 
mobility which allows chain segments to cross the crack interface by 
inter-diffusion. With increasing contact time the chains form new physical 
cross-links between molecules on different sides of the interface and the 
strength of the interface increases with time. If the inter-penetration is 
sufficiently extensive, the interface disappears optically and mechanically 
so that forces can be transmitted across it. In the adhesion model the 
gradual reduction of surface irregularites (increasing contact area) by local 
flow of polymer material under the action of adhesive forces is considered. 
The strength depends again on the interchange of material across the 
interface. Using these concepts, Jud and Kausch [26] derived the following 
relationship for Kj, the stress intensity factor for the healed interface, in 
terms of Ki0, the original stress intensity factor,
Kj/Kiq = (Gc/Gc 0 ) 1/2 = ( t / t 0 ) l / 4  (2 .7)
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where t = contact time and to = the charcteri stic time at Tp, necessary for 
the diffusion of molecules to establish 'N0* links per unit contact area. 
’No' is concentration of physical links at full strength. The experimental 
results for the styrene acrylonitrile and PMMA agreed well with their 
predictions.
2.3.The Fibre/Matrix Interface
The fibre/matrix interface may be defined as the contact area between the 
glass fibre and the resin. The contact between the two may be physical, 
chemical or mechanical or a combination of all three. The contact is at an 
atomic level. Generally, the interfacial bond formed between a clean glass 
fibre surface and a polymer resin is relatively weak and is rapidly destroyed 
by water even at room temperature. Bjorksten and Yaeger [28] and Witt [29] 
discovered early in the 1950's that the application of "coupling agents" such 
as methacrylate-chromium complexes or unsaturated silanes onto the glass 
fibre surface, before bringing into contact with the resin, resulted in a 
fibre/resin bond which was much stronger. Hence, laminates made from surface 
treated glass fibres and the resin matrix had higher dry flexural strengths 
and also retained their properties after exposure to a wet environment. They 
proposed that this was due to the "chemical unification" brought about by the 
coupling agent acting as a link between the glass and the resin. Although 
this theory was not rigorously proven, it had a large impact on development 
work.
The exact nature of the "chemical unification" and its contribution to the 
interfacial bond strength and bond permanence has been the subject of 
intensive research. The work done in establishing the nature of the 
interface and the most popular theories of bonding are reviewed in the 
following sections. The mechanical requirements of the interface, the 
measurement of interfacial bond strength, and the current understanding of 
the distribution of thermal and applied stresses in the composite at and near 
the interface are also reviewed.
2.3.1*Bonding at the interface
One of the most obvious requirements for a strong adhesive bond between the 
fibre and matrix would appear to be complete wetting of the fibre by the
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liquid resin. Poor wetting would produce voids at the interface which would 
act as stress concentrators and initiate cracks. In order to achieve 
complete wetting, the resin must initially have a low viscosity and its 
surface tension must be lower than the critical surface tension of glass. 
For most resins in contact with clean dry glass this requirement is met. 
However, during processing the glass surface is covered with at least a 
monolayer of water since the surface is hydrophilic. The water becomes 
attached to the metal oxides on the surface of glass as hydroxide groups 
(M-OH) and as molecular water hydrogen bonded to surface hydroxyl groups. 
The critical surface tension is therefore lowered. Lee [30] showed that the 
wettability of glass could be controlled by the use of hydrolysable silane 
coupling agents. However, it was found that some si lanes were ineffective 
bonding agents despite appearing to optimise wetting, while others produced 
good bonding without improving wettability. Plueddemann [31] on comparing an 
extensive series of silanes on glass for polyester laminates found no 
correlation between the polarity of silane or wettability of the treated 
glass and its performance in the laminates. In contrast, on comparing a 
series of good coupling agents for epoxy resins Lotz et al [32] found that 
silanes providing the highest critical surface tension also gave the best 
laminates. This suggested that wetting was not the primary requirement for 
good bonding but that wetting aids bonding by improving the chances of bond 
formation.
In theory, physical adsorbtion of resin on high energy surfaces can provide 
adhesive strengths in excess of the cohesive strength of organic resins [33]. 
In practice, however, the resin must compete with water, and other 
contaminants which will also interfere with adsorption. Physical adsorption 
alone is, therefore, not enough to produce or maintain an adequate bond. The 
primary requirement of a coupling agent is, thus, believed to be that it 
should contain chemical functional groups which can react with silanol groups 
present on the glass surface and form chemical bonds. It should also contain 
chemical functional groups which can co-react with the laminating resin 
during cure.
Silane coupling agents used today are usually trialkoxysilanes and are 
applied to the glass surface from aqueous solutions. The concentrations 
employed vary from 0.025% by weight to 2% by weight, depending on the 
specific coupling agent, in order to deposit two to three monolayers. Under 
mildly acidic conditions the alkoxysilanes hydrolyze to form monomeric silane 
trio!s. Shih et al [34] studied these silane triols in aqueuos solutions
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using LASER Raman Spectroscopy (LRS) in conjunction with Fourier Transform 
Infra-Red (FT-IR) Spectroscopy. They showed that the spectral bands 
originally produced by the triols disappeared in time with the appearance on 
the spectra of another band corresponding to the position of an Si-0-Si 
siloxane linkage. Thus, the silane triols appeared to condense to polymeric 
organic siloxanols. Siloxane formation has also been studied on E-glass 
fibre [35]. This work showed that the coupling agent near the glass surface 
had a high degree of molecular orientation, and that the siloxanol 
condensation was enhanced by the glass surface. Cross-condensation between 
the coupling agent and glass was also observed during drying.
Lee [36] proposed that in the extremely mild aqueous conditions under which 
the coupling agent is applied to the glass surface, hydrogen bonding between 
silanols of the coupling agent and the glass must be the predominant mode of
reaction. Infra-Red evidence supports this postulate [37]. Chamberlain et
al [38] attached organofunctional groups covalently onto a fluorinated glass 
surface. The mechanical strength of epoxy laminates prepared from this type 
of glass, in which 1.3% of the surface silanols were converted, compared well 
with standard silane treated glass laminates. However, laminates made with 
glass fibres where 9% of the surface silanols were converted proved to be 
inferior. A high degree of covalent bonding, therefore, appeared less 
effective than the type of bond obtained by surface deposition from water.
Molecular water at the interface is believed to play a vital role in the 
bonding mechanism at the interface. In 1974, Plueddemann [39] proposed a 
reversible hyrolysable bond mechanism, where in the presence of molecular 
water, the - covalent bond between the silicon (or the metal) and oxygen 
hydrolyses. The hydrolysis was considered to be reversible so that the 
covalent bonds could reform when the water diffused away. In the presence of 
a shear stress parallel to the interface, the surfaces could slide past each 
other without permanent interfacial bond failure. Reversible hydrolysis and 
condensation of the bond through a siloxane-silanol equilibrium could, 
therefore, actually benefit composite performance by providing a chemical
mechanism for stress relaxation across the interface. Evidence to support
this mechanism is provided by both mechanical property data and by LASER 
Raman (LR) Spectroscopy [40,41]. The reversibility of mechanical strength of 
the laminate, after a boiling water or methanol treatment, followed by drying 
in vacuo at an elevated temperature has been demonstrated [40]. Koenig and 
Shih [41] using LR spectroscopy also observed a reversibility in the 
intensity of the Si-0-Si symmetric stretching mode line in the spectra.
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Indirect evidence for chemical bonding between the organofunctional group of 
the coupling agent and thermosetting resins was first obtained by Plueddemann 
[42]. On comparing an extensive series of unsaturated functional 
trimethoxysilanes as coupling agents for polyester resins, it was observed 
that the effectiveness of the silanes was directly related to the reactivity 
of the functional group in copolymerising with the resin. The chemical 
reaction in the silane interphase region of treated glass fibres in a 
polyester has been observed during curing using FT-IR spectroscopy [43]. A 
methacrylate functional silane formed a multilayer on an E-glass fibre and 
polymerised completely during cure while a vinyl silane layer did not react 
completely. The carbonyl frequency of the polymerised coupling agent 
differed from that of the homopolymerised material indicating that true 
polymerisation had occurred.
The treated surface generally comes into contact with the matrix while the 
siloxanols still have some degree of solubility. Bonding with the matrix 
can, therefore, take two forms. The siloxanol layer may be compatible in the 
liquid matrix and form a true copolymer during cure or it may only have 
partial solubility in which case it would form an inter-penetrating polymer 
network. In the latter case the siloxanols and matrix resin cure separately 
with a limited amount of copolymerisation. It is believed that the bonding 
in thermosetting resins is probably a combination of the two forms [44].
In order to provide a complete description of the interface, the optimum 
number of chemical bonds required to achieve the highest strength, the most 
favourable equilibrium conditions for the siloxane-silanol reversible 
hydrolysis, and the physical solubility of the siloxanol layers in the resin 
must be known. An understanding of the interface and its exact role can lead 
to the development of improved composite systems.
2.3.2.Physical and mechanical properties of the interface.
Marom and Arridge [45] showed experimentally that the transverse tensile 
strength of a model steel reinforced epoxy matrix material compared to that 
of the matrix alone could only be improved if a thin flexible interlayer was 
introduced between the inclusion and the matrix. The shear modulus of the 
layer had also to be lower than that of the matrix. Broutmann and Agarwal 
[46] showed, however, that this modulus must not be too low. Using finite 
element analysis, the authors made a theoretical study of the effect of
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interfacial layers, with a range of moduli, on the strength and modulus of a 
model composite. The modulus of the interphase was varied and given values 
ranging from high, close to the fibre modulus, to much lower than that of the 
matrix. Although certain assumptions were made, such as perfect bonding at 
the interface, and the model was limited to short fibres, the study served to 
illustrate the role of interphase modulus. The conclusions of the study were 
that a much lower modulus than the matrix modulus contributed little to 
strength or the modulus of the composite and was equivalent to no bonding at 
the interface, and, therefore, no stress transfer. An interphase modulus 
close to or higher than that of the matrix allowed the stress to build up at 
the interface within a couple of fibre diameters from the fibre ends and the 
resulting composite modulus was higher. When the interphase modulus was only 
one order of magnitude lower than that of the matrix the highest maximum 
stress in the fibre was built up within four fibre diameters from the fibre 
ends. The slower rate of decay of the shear stresses from the ends allowed 
the stress transfer to occur with maximum efficiency. By increasing the 
modulus of the interphase further the composite strength was not improved 
although the composite modulus was. Tryson and Kardos [47] have reported 
that the transverse tensile strength of a glass-epoxy laminate with a 
flexibilised epoxy layer at the interface showed a 67% increase.
In the above study, perfect bonding was assumed at the interface and indeed 
adequate "adhesive" strength must be developed evenly along the interface so 
that maximum stress transfer from matrix to fibre is attained. In addition 
the adhesive strength must be sufficient to withstand the thermal stresses 
developed at the interface in a cured composite. However, it will be shown 
later that in cases where the bond is good, thermal stresses can lead to 
fibre splitting. The actual "adhesive" strength of a bond remains, in many 
cases, a theoretical concept since a true adhesive failure is difficult to 
establish. For example, if the adhesive strength of the bond is high, then 
the initial micro-failure may not occur at the interface but in the resin or 
glass near the interface where the critical stress concentration may have 
been exceeded. It may seem appropriate then to assign an interfacial 
strength, as opposed to an adhesive strength, where the failure may occur in 
the resin, in the interphase or at the glass-interphase interface. The 
subsequent propagation path of the initial crack may also be similarly 
controlled by the strength of the bond. It may continue to avoid the 
interface if the most favourable path is through the resin. The resulting 
fracture surface is, thus, a good indicator of the adhesive strength of the 
bond.
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The possible adhesion mechanisms have already been discussed in section
2.3.2. From the view point of fracture mechanics, the measurement of the 
interfacial strength and a knowledge of the magnitude and distribution of 
stresses is useful. In principle the interface in a transverse 
unidirectional laminate under the action of tensile stresses can fail by 
stresses normal to the plane of the interface or by shear stresses acting in 
the interface. Two types of interfacial bond strengths are, therefore, 
measured. These are the interfacial tensile and shear strength.
Measurements can be divided into two types: Direct measurements involving
model specimens with single fibres embedded in resin, or indirect tests such 
as the measurement of the inter!aminar shear strength and the transverse 
strength of a laminate.
One of the direct methods for assessing the bond strength is the single 
filament pull-out test, of which various configurations exist. Essentially, 
a short length of a single filament is partly embedded in resin and pulled in 
uniaxial tension. A graph of force versus distance pulled out is obtained 
and from this the interfacial bond strength and the pull-out processes can be 
assessed. The interpretation of the graphs can be rather involved but 
measurements of the interfacial shear stress, the interfacial yield stress 
and even energy absorption terms for the interfacial fracture can be
obtained. The frictional shear strength arising from frictional forces 
existing after bond breakage can also be estimated. These frictional forces 
are due to the residual curing pressures resulting from matrix shrinkage and 
the differential thermal expansion coefficients of the two components. 
Poisson's shrinkage also affects the frictional forces. A large number of 
tests must be performed with different embedded lengths of fibre since the 
required embedded length is influenced by fibre strength. A detailed
analysis of this test has been provided by Chua and Piggot [48]. The test
set-up must be rigid and sufficient control of embedded and free lengths is
required in order to correctly estimate the quantities described. Piggot and
Andison [49] have recently reported the results of pull-out experiments on 
carbon fibres in epoxy resin and epoxy copolymer resin blocks. They suggest 
three modes of interface failure resulting from the different levels of 
matrix shrinkage stresses. It is suggested that brittle fracture occurs at 
intermediate shrinkage stresses while at high shrinkage stresses failure by
shear yielding is observed. A length independent fracture was observed at
the lowest shrinkage stresses.
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A more direct method of measuring the interfacial shear strength and
interfacial tensile strength makes use of single filaments completely
embedded in resin. The model specimens were specifically designed by
Broutmann [50] to cause either shear failure or tensile failure of the
interface. A rectangular specimen was designed to fail the interface in
shear when loaded in uniaxial compression while a curved neck specimen was
designed to simulate a tensile debonding failure at the interface when loaded
in compression. The compressive load causes a radial expansion governed by
the Poisson's ratio of the resin. The resin expands more than the glass and
in order to preserve continuity a tensile stress is generated at the
interface.
Although single fibre tests are valuable, it is accepted that they do not
simulate the state of stress at the interface found around fibres randomly
packed and often closely spaced or even touching as in a real composite. 
Indirect methods of determining the interfacial "adhesive" strengths using 
laminates are preferred. A number of different tests have been used to 
determine the interfacial strength while others are designed to measure the 
interfacial contribution to fracture toughness of the composite. The most 
commonly used method is the interlaminar shear strength (ILSS) method and the 
transverse strength test.
The ILSS test is a three point bend test where the shear stress, , is 
related to the applied load, P, by the following equation,
ft  = 3P / 4ab (2.8)
where 'a' is the thickness of the specimen and ‘b1 is its width.
Whether a specimen fails in flexure or shear is governed by the span to depth 
ratio, a/s, where s is the distance between the support reaction points. The 
most commonly used ratios range from 4:1 to 6:1. Three common failure modes 
occur in such tests; interlaminar shear, compression and flexure. The 
interlaminar shear crack, in which fibres are rarely broken, is the specified 
mode of failure required by this type of test. A compression failure is a 
sharp, coherent, buckling failure of the fibres within the sample and 
represents an invalid test. A flexural failure is the nominal failure mode 
when the three point bend test is conducted at a span to depth ratio in 
excess of 40:1.
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Johnson [51] comments that often aspects of all three failure modes are seen 
in a large proportion of samples even when careful control of test parameters 
is maintained to restrict the failure mode to a valid inter!aminar shear 
crack. The significance of such failure phenomena are now recognised and 
ascribed to a function of the fibre/matrix interface. In a careful study of 
the behaviour and mechanisms of crack formation in cross-plied carbon/epoxy 
laminates tested in three-point bend Johnson observed from polished sections, 
incipient cracks whose origins were found to lie close to the fibres but were 
actually in the resin. Examination of fracture surfaces showed filmy 
residues on fibres. From this Johnson concluded that an important 
contribution was made by unidentified flaws in the resin and this suggested 
that when the interface bond was of sufficiently high strength, the ILSS test 
was a resin strength limited test.
Classical estimates of shear strength are not adequate for the interpretation 
of the ILSS test since the actual deformation, even in unidirectional 
composites is not the same as that predicted by the beam theory or finite 
element analysis. The fracture process occurs under complicated conditions 
of combined shear and compression [52]. Consequently, the ILSS test can only 
be used for comparative purposes and not to determine absolute values of the 
adhesive strength of the fibre/resin bond. The data must be carefully 
interpreted and fracture surfaces analysed.
The transverse tensile strength of the composite is also used as an indirect 
measure of the interfacial bond strength. The transverse tensile strength of 
the composite depends on the adhesive strength of the interfacial bond, the 
presence of flaws and the internal stress and strain distribution which in 
turn is governed by fibre volume fraction, fibre diameter, fibre packing 
geometry and thermal history. The strength of the matrix relative to that of 
the interfacial bond is also important. If failure occurs predominantly at
the fibre/matrix interface rather than in the matrix enclosed by fibre, then
the interface quality can be determined by transverse tension test data. In
contrast, when the fibres are strongly bonded to the matrix, the matrix may
fail first or simultaneous failure of the matrix and fibre/matrix interface 
may occur. The area under the transverse stress/strain diagram is also 
likely to provide more information on bond quality and deformation processes 
before transverse fracture.
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2 .3 .3 .  The s ta te  o f  s tr e s s  a t  the in ter fa ce .
The glass fibre/epoxy laminate is inherently a pre-stressed material. The 
pre-stressed state arises from shrinkage of the resin as it cures, and the 
difference between thermal expansion coefficients of the resin and glass. 
Similarly, in a laminate composed of individual laminae with different fibre 
orientations the thermal expansion coefficients vary giving rise to thermal 
stresses. During the curing process of a composite, changes taking place in 
the chemistry of the matrix result in shrinkage which continues even during 
post-cure. As the laminate cools, the adhesion between the resin and the 
fibres prevents free shrinkage when the physical state of the resin is such 
that its viscous component is unable to relax the stresses in the available 
time. As a consequence, the laminate is put under a complicated state of 
stress. Similar considerations apply to time at temperature.
The residual thermal stresses are three dimensional in nature and their 
presence has been demonstrated experimentally with the use of photoelastic 
techniques [53]. Complex fringe patterns relating to biaxial and triaxial 
stresses have been observed. Model laminates are, therefore, often used for 
their study. Two and three dimensional photoelastic analysis on model 
unidirectional laminates shows that the direction and magnitude of stresses 
depends critically on fibre packing geometry and the fibre volume fraction 
[54]. Most laminates show local variations in fibre volume fraction and 
geometry. This is reflected in the distributions of fibre spacings. McGarry 
and Wilner [55] measured fibre pair spacing and plotted the result as a
function of the number of fibre pairs. The largest population was found at 
zero fibre ' spacing, i.e. fibres in contact, with the second largest 
population at 0.51 micron spacing. A significant population was found at
spacings above 10 microns (the fibre diameters were approximately 10
microns). In view of this, two extreme cases of fibre packing can be
identified. The first is when a single fibre is surrounded completely by
resin such that the residual stress near or at the interface is affected
little by the presence of other fibres and is, therefore, expected to be 
compressive while the resin around the fibre is in tension, both radially and 
axially. The axial tension has been shown by Outwater [56] to be about 200 
times the radial component and leads to kinking of the fibre which is in 
compression.
The second case occurs when the resin is surrounded completely by fibres in
contact so that a tricorn of resin is formed. Here the fibre/matrix
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interface is under tension and the resin is also under radial and axial
tension, provided the bonding between the fibre and the matrix is maintained.
In this case the axial and radial stresses have been shown by Haslett and 
McGarry to be comparable [57]. The two extreme cases are good illustrations 
but the state of stress at the interface is much more complex, due to the 
variation in fibre spacings which can vary at a single fibre/matrix interface 
since the nearest neighbour spacing can vary with angular position within the 
matrix.
Various authors have examined the internal stress state both theoretically
and experimentally. Most analyses consider two types of fibre packing
geometry, namely square and hexagonal arrays. (Most real laminates exhibit a 
mixture of both types). The fibre volume fraction or fibre spacing (to which 
fibre volume fraction is inversely proportional) is varied and the stresses 
in the fibre and in the resin in the region of the interface are examined. 
The stresses generally considered are radial, tangential or hoop, and axial 
stresses. The occurrence of debonding and the existence of any surface 
forces between the fibre and matrix after debonding are related to the sign 
and magnitude of the shrinkage and differential contraction stresses.
In a paper by Asamoah and Wood [58], the stress distributions were analysed 
both theoretically, using a plane strain model, by the finite element method 
and experimental ly using photo-thermoelasticity. Their results showed that 
for most real composites both compressive and tensile radial stresses are 
present within the matrix if the composite is cured at a temperature above 
ambient. The closer the spacing of the fibres, the larger the area in
tension. The tensile region develops first from within the resin tricorn and
as the spacing decreases the tensile region spreads towards the interface and
beyond. For all fibre spacings the radial stresses remain compressive along
a line joining the centres of any two adjacent fibres and they increase with 
decreasing fibre spacing. The radial stresses around the interface remain 
nearly constant for widely spaced fibres but they change from compressive to 
tensile for closely packed fibres. If the packing is symmetrical the change 
is cyclic occurring three times for triangular packing and four times for a 
square arrangement. It must be pointed out that even if the thermal stresses 
generated do not cause direct failure, they provide an initial state which 
requires only small external loads to produce failure. The distribution of 
these stresses is therefore important in determining the micromechanisms of 
failure.
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Asamoah and Wood [58] also suggest that when fibres are brittle and the 
interface strong, fibre cracking (or fibre splitting) can occur, the planes 
of failure forming arcs around the compressively loaded contact lines along 
fibres. The magnitude and direction of thermal stresses are very sensitive 
to fibre spacing which should therefore be optimised, particularly in the 
transverse ply in which the strength is dominated by flaws.
In cross-ply or angle-ply laminates, thermal strains arising due to a 
mismatch in thermal expansion of plies of different orientation are 
superimposed on the already existent thermal strains which result from a
mismatch in the thermal expansion between fibre and matrix. The thermal
strains arising from differences in ply properties are referred to as thermal
restraint strains. Thus, if a laminate is made up of two laminae only, such
as a 0° ply and a 90° ply, the asymmetric beam cut from this laminate will, 
at the stress free temperature, remain flat exhibiting no effect of the 
mismatch in expansion coefficients. As the beam cools below this 
temperature, the 90° lamina, whose properties are dominated by the matrix, 
will contract more than the 0° lamina, the properties of which are fibre 
dominated. The beam is, therefore, forced into balance by forming an arc.
The radius of curvature of this arc is related to the amount of thermal
strain which would develop in an equivalent symmetric laminate, i.e. a 
{0,90)s laminate. The second outer ply in a symmetric configuration is able 
to restrain the contraction of the 90° ply. The magnitude of the thermal 
restraint strain depends on the ratio of the ply moduli (E-j, Et ), the
thickness of the plies (b, d), the difference in thermal expansion
coefficients (ab - a-j), and the temperature interval between the stress free 
temperature and.the temperature of measurement (Tl - T2). The thermal strain 
in the transverse ply in the longitudinal direction, ejrjj1, is given by,
+  = E1 b (<xt - ap (Tl - T2)/ (E, b + Et d) (2.9)
It has been noted [ 8] that the residual stresses within a ply must be 
equilibrated with interlaminar shear stresses transmitted from adjacent plies 
which may result in ply separation. Finite element calculations have 
suggested that interlaminar shear stresses and interlaminar normal stresses 
increase significantly at the free edge of finite width specimens and might 
affect the level of thermal strain. However, the equations used to predict 
thermal strains give good agreement with experimental results [ 8] for systems 
similar to those used in the present stucly without including edge effects, 
suggesting that such effects are small.
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2 . 3 . 4 . The d istr ib u tion  o f  s tr e s s  on external loading
Following the observation of stress-whitening believed to be caused by 
“crazes" in resin-rich regions of glass/epoxy pressure chambers, Rawe [59] 
advanced a qualitative theory of the connection between "craze cracking" and 
resin-rich areas. The theory supposed that transverse stresses caused large 
strains to be formed in resin rich regions leading to the development of 
craze cracks* because the modulus of the resin was much lov/er than that of
the glass. The strain was therefore concentrated in resin rich regions.
* Although in the original literature "crazing" is referred to, there was no 
evidence to suggest that the cracks were crazes which are caused by polymer 
orientation forming fibrils in highly strained localised regions. The 
whitening could equally have been caused by fine matrix cracks.
Kies and Shultz [60] calculated, using an approximate method, the maximum 
stress generated in the resin of a composite with regularly arranged fibres. 
Using the simple model illustrated in Figure 2.2, the strain magnification 
factor (SMF) in the resin along the line AB of a square array subjected to a 
tensile strain was shown to be,
SMF = 2 + s/r / [ s/r + 2(Em/Ef)] (2.10)
where s is the fibre spacing and r is the fibre radius, Em is the matrix
modulus and E£ is the fibre modulus,
s is related to r and V£, the volume fraction of fibres {for a square array)
in the following way [B2],
s = 2 C(ir/4Vf ) 1 / 2 - 1 ] r (2.11)
At high volume fractions, the strain magnification factor (SMF) is higher.
The SMF will vary locally with volume fraction variations. The non-uniform
distribution of stress, in a unidirectional laminate, on transverse loading 
can be shown using photoelastic techniques [61]. The fringe patterns 
obtained show that the magnitude and direction of the stresses vary
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throughout the matrix and depend on the volume fraction and fibre 
arrangement. Provided the fibre and resin remain bonded the strain 
magnification in the resin causes failure of the resin in the laminate at a 
lower applied stress than would otherwise result from testing unreinforced 
resi n.
In a theoretical analysis, by Tirosh et al [62], of a well bonded, rigid, 
circular fibre in an elastic matrix subjected to a transverse load, the 
stress solution obtained showed two features. The first was that the radial 
tensile stress component was higher than the tangential component. The 
second feature was that the locality, r*, measured from the centre of the 
fibre at which the maximum stress occurred was not at the interface but a 
small distance ahead, depending on the Poisson's ratio of the matrix and was 
given by;
r* = C6/(K(K-l/2)+4) ] 1 / 2 r (2.12)
where K = (3-4*), where 5>is the Poisson's ratio of the resin, and r is the 
fibre radius. For an epoxy resin with S> = 0.35, r* is 1.02r. According to 
the equation with a glass fibre radius of 5-6 microns, the maximum stress 
would occur at a distance of 0 . 1  to 0 . 1 2  microns from the fibre 
circumference. Thus, providing the bonding between the fibre and the matrix 
is sufficient, micro-cracks may extend under load without debonding at the 
fibre/matrix interface and the fracture path may by-pass a well bonded fibre 
altogether. It should be noted that in [62], r* is quoted to be 1.2r for a 
Poisson's ratio of 0.35. This is not consistent with the equation quoted 
above in the same paper. No erratum concerning this inconsistency has been 
reported to date.
2.4.Laminate Properties.
The longitudinal strength of unidirectional laminae tested in tension,
parallel to the fibres depends.primarily on the strength and volume fraction 
of fibres. However, at low fibre volume fractions, the longitudinal strength 
depends also on the failure stress of the resin since after matrix fracture 
the load transferred to the fibres cannot be sustained. At high volume
fractions, the majority of the load is carried by the fibres and so failure
of the resin is not catastrophic and instead multiple matrix cracking occurs 
[64].
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The transverse tensile strength of a unidirectional lamina depends on a large 
number of factors such as the fibre/matrix interface strength, the properties 
of the fibre and matrix, and the presence of thermal residual stresses. When 
the interface bonding is good the transverse strength is dependent on the 
strength of the matrix and/or the strength of the bond. If the bond does not 
fail there is a strain and stress magnification in the resin as discussed in 
section 2.3.3. Eventual failure depends on the full triaxial stress state.
The properties of angle-ply laminates may be determined from the properties 
of the individual unidirectional laminae using classical lamination theory. 
This allows specific expressions to be derived for the stiffness of laminates 
in terms of laminate thickness, the angle of orientation of the fibres, the 
stacking sequence and elastic constants. The expressions, which can be found 
in standard texts [B2], show that for a cross-ply laminate, with V0 (volume 
fraction of the 0° plies) equal to V90 (volume fraction of 90° plies), 
longitudinal modulus of 40 GPa., transverse modulus of 10 GPa. and Poisson's 
ratio of 0.3, tested in uniaxial tension, an externally applied stress, cfa, 
in a direction parallel to the fibre direction in the 0° plies produces a 
stress, cf j ,  of 1.61 cfa parallel to the fibres in the 0° plies. A tensile
stress, cf of 0.07 cfa is produced perpendicular to the 0° ply because of
the constraint imposed by the 90° ply preventing Poisson contraction of the 
0° ply. In the 90° ply, the external stress produces a stress, cf \, of 0.39 
cfa perpendicular to the fibres (parallel to the loading axis) and the Poisson 
effects lead to a compressive stress, cf of 0.073 cfa parallel to the
fibres. The main part of the applied load is, thus, carried by the 0° plies.
Transverse ply cracking will occur when the stress on the laminate is equal 
to g^ /0.39 where cfa is the critical stress for transverse fracture. The 
expressions however, only apply if the constraint effects due to the presence 
of neighbouring plies are neglected and so only applies to laminates with 
relatively thick plies.
2.5.Transverse Cracking in (0,90)s Laminates.
Transverse ply cracking in (0,90)s cross-ply laminates has been widely 
studied in both glass/epoxy and carbon/epoxy systems. A transverse ply crack 
is the first macroscopic failure event in the 90° ply of the (0,90)s laminate 
under uniaxial tension. The crack is visible in transparent or translucent 
systems and can also be detected by techniques such as acoustic emission and 
polished edge microscopy. For opaque laminates, such as those made with
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carbon fibres, acoustic emission or penetrant enhanced X-Ray radiograpy has 
been used [66], The transverse ply crack, often referred to as a matrix 
crack, spans the width and thickness of the 90° ply and ideally lies in a 
plane normal to the loading axis. The crack is responsible for the "jump" or 
"knee" in the stress/strain diagram of a (0,90)s laminate. Puck [67] made
one of the first references to it and attributed the knee to craze-cracking. 
The transverse crack is usually arrested at the 0/90 ply interface. The 
presence of the crack necessitates a redistribution of load in the 0° and 90° 
plies of the laminate since an additional stress is thrown onto the the 
longitudinal ply region adjacent to the transverse crack and indeed, Jamison 
[68] has shown a higher density of fibre breaks in the longitudinal plies in 
the plane of the transverse crack.
Hahn and Tsai [69] suggested that the presence of a transverse crack led to 
an ineffective length over which the transverse ply carried no load. The 
transfer of load back to the 90° plies is assumed to occur by shear of the 
constituent plies according to the shear lag theory developed by Aveston and 
Kelly [64] and applied to cross-ply laminates by Garrett and Bailey [65]. In 
this, the stress in the longitudinal ply has a maximum value in the plane of 
the transverse crack. The load is transferred back into the transverse ply 
by shear and reaches a maximum value between two existing cracks. Thus, the 
remainder of the transverse ply is still able to sustain loads such that with 
increased loading further cracks continue to form. The crack spacing at a 
specified applied stress depends on the thickness of the 90°ply [3] such that 
a thinner inner ply results in more closely spaced cracks at a given strain. 
The laminate stress and crack spacing relationship has been predicted by 
Bader, Bailey, Curtis and Parvizi [70] using the shear lag theory giving good 
agreement with experimental results.
The crack density is believed to approach an asymptotic value or a saturation 
density. However, often sufficiently high stresses are generated in the 0° 
plies by Poisson restraint effects so that longitudinal splitting of the 0° 
plies occurs before the saturation crack density can be reached. 
Delamination between plies and tensile failure of the 0° plies usually 
follows rapidly and the laminate fails. The build-up of transverse ply 
cracks causes a gradual loss in the stiffness of the laminate [71] and alters 
its thermal expansion properties [72]. They can also precipitate 
delamination under long term service conditions.
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An interesting aspect of transverse crocking is that the threshold strain for 
the first crack increases as the thickness of the transverse ply relative to 
the 0° plies is reduced. Aveston and Kelly [64] postulated that when the 90° 
ply is very thin, the threshold strain for transverse cracking is raised 
because insufficient elastic strain energy is released by crack nucleation 
and growth for fast fracture to occur. Bader et al [70] compared their
experimental data on strains to first transverse crack as a function of 90°
ply thickness with predicted values using the energetics arguments of the 
multiple cracking theory and obtained good agreement at small ply 
thicknesses. The data presented by Bader et al [70] has been subsequently
used by several workers [73,74] to validate their analyses. Korczynskyj and
Morley [75] determined the stress field around assumed pre-existing cracks 
modified by the constraint of the neighbouring plies and found good agreement 
over a range of ply thicknesses. Ogin et al [73] have derived a stress 
intensity factor from which the strain to the first transverse crack can be 
obtained. Based on a critical flaw size concept, the authors have calculated 
a critical value of the 90° ply at which the threshold strain for transverse 
ply failure is increased dramatically. This work is discussed further in 
section 5.1.2.
It is generally accepted that transverse ply cracks initiate at the laminate 
edge as a result of local stresses associated with the free edge. However, 
there is evidence to suggest that transverse ply cracks can also occur in the 
bulk of the ply especially during fatigue loading [73] and in laminates with 
small inner ply thickness where crack propagation is largely controlled and 
proceeds slowly. In order to elucidate the exact mechanisms of transverse 
ply cracking, an in situ test inside a scanning electron microscope was 
performed by Parvizi [3] on a constrained (total 90° ply thickness = 0.3 mm) 
cross-ply laminate (outer plies = 0.25 mm). Fibre/resin debonds were 
observed on the edge, of which some were seen to coalesce at higher strains. 
It is generally assumed that such a group of debonds form the critical flaw 
which initiates transverse ply cracks, although the particular laminate 
examined by Parvizi [3] had a very high transverse ply cracking strain and 
was not tested to this cracking strain.
While many references to a 'knee' (or modulus drop) due to transverse 
cracking are available [67,71], Parvizi and Bailey [2] and Manders et al [1] 
make the only reference to a knee due to debonding. The magnitude of the 
modulus drop was not reported. The phenomenon of stress-whitening prior to 
transverse cracking, believed to be associated with fibre/resin debonding,
-  34 -
was reported by Manders et al [ 1 ] and black and white photographs of the 
effect were presented. Whitening in glass fibre/epoxy laminates has been 
reported by other workers on angle-ply laminates and associated with 
deformation in the resin [76]. Whitening due to debonding resulting from the 
accumulation of bulk water at the interface has also been observed [7 7 ].
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Figure 2.1. Density and shrinkage changes during cure of a DGEBA resin/ 
phthalic anhydride system (see text for details).
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Figure 2.2. The Kies square array model for calculating strain magnification 
in the resin along the line AB where "s" is the spacing between fibres and 
"r" is the fibre radius.
Property Value
Heat distortion temperature (°C) 153.0
Tensile strength (MPa) 44.8
Elongation [%) 2.4
Flexural strength (MPa) 117.6
Flexural modulus (GPa) 3.5
Compressive strength (MPa) 118.0
Compressive modulus (GPa) 0.7
Table 2.1. Physical properties of Epikote 828 eplxy resin with 84 phr NMA and 
2.2 phr BDMA, cured for 4 hrs. at 80°C and post cured for 15 hrs. at 150 °C.
- 37 -
C H A P T E R  3
EXPERIMENTAL
The primary objectives of the experimental work have been : (a) to observe 
and establish the cause of stress-whitening and "reversible debonding" in 
laminates and (b) to develop a quantitative technique to monitor the 
development of stress whitening during tensile loading.
To this end, high quality, transparent laminates and resin specimens were 
fabricated. The properties of both resin and laminate specimens were 
character!’sed using established test methods. Several new techniques were 
used to observe stress-whitening in the laminates. These included colour 
photography, macro-photography, high power microscopy and in situ tensile 
testing and microscopy. A number of techniques were developed for the 
quantitative measurement of stress-whitening. A LASER light diffraction 
method was found to give reproducible results for the quantitative 
measurement of stress-whitening. Laminates fabricated with three different 
'degrees of cure', four different geometries and two different glass fibre 
surface finishes were examined.
3.1.Specimen Preparation
3.1.1.Materi als
(a) Matrix
The matrix material used in this study consisted of a three-part epoxy resin 
system. The resin was based on the diglycidyl ether of Bisphenol-A (OGEBA) 
epoxy pre-polymer, Epikote 828 (Shell Chemicals Co. Ltd.), and was cured with 
80 phr (parts per hundred of resin) of nadic methyl anhydride (NMA) hardener. 
Benzyl dimethyl amine (BDMA) was used as the accelerator to facilitate cure. 
Three different levels of BDMA were used to produce matrices with varying 
'levels of cure'. Only small amounts of accelerator are required and the 
three levels used were 0.5 phr, 1.5 phr, and 3.0 phr. The 'level of cure' 
was assessed using a Dynamic Mechanical Thermal Analyser (Polymer 
Laboratories Ltd) as described in Section 3.2.2.
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The curing conditions were kept constant for all the resins regardless of the 
accelerator level. Curing was carried out at 100°C for a period of 3 hours 
and this was followed by post-curing at 150°C for a further 3.5 hours. This 
resin system, when used with glass fibres, produces laminates of high 
transparency due to the closeness of its refractive index to that of glass. 
The resins do, however, have a yellow colour and this is also imparted to the 
lami nates.
The chemical.formulae of the constituents and the resulting matrix are shown 
in Figure 3.1.
(b) Reinforcement
The glass fibres used in this study were made of E-glass and were coated with 
a commercial silane coupling agent compatible with epoxy resins. The fibres 
were supplied by Silenka Ltd. in the form of a continuous roving consisting 
of parallel strands of individual fibres. Initial work was carried out using
1200 tex roving. Tex refers to the weight of fibres per kilometre of roving
and gives an indication of the number of fibres (approximately 6000 fibres) 
present in the roving since the fibre diameters are approximately constant.
The fibre diameters were of the order of 10 microns as measured from the
graduated eyepiece of a microscope. In order to improve the packing of these 
fibres, particularly in thin (< 1 mm) inner ply laminae, a lower tex (600) 
roving was later used to fabricate another complete set of laminates and 
characterisation of these laminates was repeated before any further tests 
were done. A limited quantity of continuous E-glass fibre coated with a 
starch finish was also used for some experiments in which poor bonding 
between the glass fibres and resin was required. These fibre rovings were of 
a lower tex ( 1 2 0 ) and the fibre diameters were smaller than the silane coated 
glass fibres.
3.1.2«Resin specimens
In order to obtain specimens of matrix material for characterisation 
purposes, samples of the bulk resin with three different accelerator levels 
were cast in an aluminium mould of approximate dimensions 215 mm x 120 mm x 6 
mm. The mould assembly consisted of two flat rectangular aluminium plates 
separated on three sides by blocks of 6 mm thickness. The fourth side of the 
mould was left open to allow the activated liquid resin to be poured in.
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Prior to assembly of the mould all the internal surfaces were polished with a 
proprietary metal polish to obtain a smooth finish and then coated with a 
mould release agent (Slip-wax).
It was found that in order to facilitate the release of the cured resin block 
from the mould it was necessary to first heat each component of the mould to
allow the Slip-wax to melt and coat the surfaces evenly. The mould was then
assembled using metal screws. The edges of the mould were sealed using 
silicone rubber to prevent seepage of the resin, since prior to gelation, the
resin viscosity is reduced considerably with increasing temperature.
All three components of the resin are liquid at room temperature and together 
produce an activated viscous mix. The mix was heated to a temperature of 
50°C to reduce its viscosity and de-gassed in a vacuum oven. It was then 
poured gently into the mould and cured in an air-circulating oven for 3 hours 
at 100°C and post-cured for an additional 3.5 hours at 150°C. Specimens 
suitable for testing were then cut from the cured block of resin using a 
water-cooled rotary diamond wheel.
3.1.3.Laminates
Unidirectional and cross-ply (0,90)s laminates were fabricated from 
continuous E-glass fibres and the epoxy resin using a three stage process 
consisting of dry filament winding followed by resin impregnation and cure.
Continuous glass fibre was wound onto a rotating open square metal frame 
using an automated filament winding machine. The glass roving was passed 
through a tensioning unit via a guiding hook and then onto two separate low 
friction guiding rollers manufactured from poly(tetrafluoroethylene) (PTFE). 
The roving was then attached to one end of the open square metal frame using 
masking tape, Figure 3.2. A slight tension on the roving was necessary in 
order to prevent fibres from bowing out during cure under the high 
temperature and pressure. Under these conditions the resin viscosity is 
reduced and surplus resin is forced to flow outwards. If the fibres are not 
adequately tensioned they will start to bow in the direction of resin flow.
The PTFE rollers were attached to a runner which traversed back and forth on 
a rotating threaded mandrel. The rotation of the mandrel was controlled by a 
variable speed motor and the speed of rotation of the metal frame was 
independently controlled by a fixed speed motor. A known number of tows were
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laid down across the frame on each traverse. The number of traverses and the 
speed of rotation of the mandrel controlled the total amount of glass wound 
on the frame for any given tex of roving. Thus, the thickness of the ply
could be controlled for any tex. To make the cross-ply laminates, the frame 
was rotated by 90° after the first layer of fibres had been wound on. The 
winding procedure was then repeated and fibres were laid down on both sides 
of the first direction layer and at 90° to it.
The glass fibres were then impregnated with resin. Two different 
impregnation techniques were investigated. In both methods impregnation of 
the wound frame was carried out under vacuum. The first method of 
impregnation was identical to that employed by Manders et al [1] and involved 
freezing the de-gassed resin mix in a single layer over a thin sheet of 
silicone-coated polyester (Melinex). The sheet of Melinex was placed on top 
of the glass-wound frame with the frozen resin layer in contact with the
fibres. The assembly was then quickly transferred to a vacuum box and placed
on a Melinex covered hot metal plate (100°C) inside the box. Evacuation was
begun immediately so that a good vacuum was achieved before the resin 
softened. Impregnation was therefore vacuum assisted, reducing the chances 
of the formation of micro-voids and air pockets. The general arrangement is 
shown schematically in Figure 3.3.
Freezing the resin on a sheet of Melinex did, however, cause a layer of water 
droplets to develop on the surface of the resin through condensation from the 
atmosphere. It was believed that this layer of condensation might affect the 
laminate properties under investigation and so an alternative method of resin 
impregnation was devised so that the condensation layer could be avoided. 
The vacuum box was modified to allow direct impregnation of the liquid resin. 
The wound frame was placed inside the box as before and liquid resin was 
slowly dripped in from a reservoir, after the box had been evacuated. The 
results achieved from both methods were found to be identical. All laminates 
were then fabricated using the first method, where the resin was easier to 
handle.
After impregnation, the laminate was removed from the box and inspected. Any 
obvious entrapped air on the surface was driven out by wiping the release 
film with a plastic spatula. The laminate was then sandwiched between two 
smooth glass plates and cured in an air-circulating oven under a pressure of 
about 3 kPa. at 100°C for 3 hours. At the end of this period, the laminate 
was allowed to cool. It was then cut out of the metal frame using a water
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cooled rotary diamond saw (600 grit) with a movable head. The metal frame 
was left intact while cutting the laminate so that it could be cleaned and 
re-used. Test coupons of approximate dimensions 230 mm x 20 mm x t (where t 
is the thickness of the laminate) were then cut in the desired orientation 
and post-cured for 3.5 hours at 150°C. This procedure was adopted since 
experience had shown that post-curing on the frames could lead to the 
development of cracks in the laminates.
In order to prevent premature failure of the specimen by the indentation 
action of the grips during testing, chromic acid etched aluminium end tags
(1.5 mm thick) were attached to the end regions of both laminate and resin
specimens. This was done by first abrading the end regions lightly with
Emery cloth, cleaning the end regions and the end tags with Methanol and then
using a 24 hours epoxy adhesive to glue the tags on. (The strain gauges and 
aluminium end tags were fixed to the specimens at the same time and these 
were allowed to cure at room temperature for at least 72 hours prior to 
testing, Figure 3.4(a)).
The formulation and configuration of all the laminates fabricated are shown 
in Table 3.1.
3.1.4. Polishing of laminate specimens.
For any microscopic observations of debonding and matrix cracking on or 
through the edge of laminate specimens, well polished surfaces are essential 
to obtain good images and avoid artifacts in the micrographs. It was 
necessary to polish both edges of each laminate specimen to prevent failure 
from initiating at an unpolished edge. Specimens of two different sizes were 
polished. Those for testing on a straining stage (Section 3.3.4) had maximum 
dimensions of 45 mm X 10 mm X 5 mm. 5 mm was the maximum thickness that could 
be accommodated by the grip section of the straining stage and includes the 
thickness of end tags. Specimens for tensile testing on an Instron 1175 
(Section 3.2.1) had nominal dimensions of 230 mm X 20 mm X t, where, t, is 
the laminate thickness. The specimens were polished prior to the attachment 
of end tags and strain gauges. The types of end tags and strain gauges used 
are discussed in section 3.2.1. The following polishing methods were found 
to give the best results^
- 42 -
a) Short specimens {45 mm X 10 mm X t ) .
The specimens were ground and polished automatically on a Struers Planopol-2, 
150/300 machine fitted with a motor operated rotating disc into which the 
specimens were clamped. The specimens were then ground and polished 
according to the schedule outlined in Table 3.3. The silicon carbide papers 
used for grinding were placed on plane Aluminium discs. For the final two 
stages of polishing, a silk cloth surface was used with Struers OP-S 
suspension. This is a mildly alkaline suspension of magnesium oxide 
particles, and gives a final finish of below 0.3 microns.
(b) Long specimens (230 mm X 20 mm X t)
These specimens had to be polished by hand, since the automatic specimen 
holder could not accommodate the long edges of the specimens. A hand held 
jig was designed so that specimens could be held with their edges flat on the 
polishing wheel, thus preventing bevelling of the edges. In the initial
stages of polishing, a spirit level was used to ensure that the jig was 
level. The polishing procedure employed was similar to that shown in Table
3.3. except that the time required to achieve good results was longer. The 
specimens had to be inspected under the microscope for the quality of polish 
achieved after each stage of grinding and polishing.
3.2. Characterisation of Resin and Laminate Properties.
3.2.1. Tensile property measurements
Tensile testing of both resin and laminate specimens was carried out using an 
Instron 1175 universal tensile testing machine. In this test the specimen is 
gripped between a top fixed jaw at one end and one attached to a moving
cross-head driven at a constant displacement rate. A cross-head speed of
0.5 mm min’ l was used for all tests which corresponds to a strain rate of 
0.5 x 10“4 s"l for the specimen gauge length used. The load on the specimen 
registered by an electrically calibrated tension load cell located above the
top jaw. The output of this cell was used to drive the Y-axis of an X-Y-Y*
chart recorder.
The longitudinal strain in the specimens was measured using an electrical 
resistance strain gauge (Technimeasure PL10-11-120) The gauge was aligned
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parallel to the tensile axis and attached to the specimen surface using a 24 
hours epoxy adhesive. The change in the resistance of the strain gauge was 
monitored through a Wheatstone bridge circuit connected to the integral 
strain amplifier unit of the Instron. The output from this unit was used to 
drive the X-axis of the X-Y-Y' chart recorder. In order to measure the 
Poisson's ratio of the resins, a second strain gauge was also attached to the 
specimen and was aligned at 90° to the tensile axis. This strain gauge was 
connected to a strain measuring bridge, whose output was used to drive the 
second Y'-axis of the X-Y-Y' chart recorder. A simultaneous record of the 
transverse strain was obtained in this way.
Each tensile test produced a graph of load as a function of strain. The 
values of load were converted to stress using the original cross-sectional 
area of the specimen and it was, thus, possible to determine the 
stress/strain curve and the corresponding elastic modulus for each specimen. 
Owing to the non-linear stress/strain response of laminates, the secant 
moduli were determined at intervals of strain as illustrated in Figure 
3.4(b). The secant modulus was used in preference to the tangent modulus 
since it can be measured more accurately. Poisson's ratio was determined 
directly from the ratio of the measured transverse strain to the longitudinal 
strain,%>= - et/e-j. All tensile tests were performed at room temperature.
The specimens were, in general, not tested to destruction, although a number 
of preliminary tensile tests were carried out on both resin and laminate 
specimens in which specimens were taken to failure on a single loading. The 
preliminary tests were done in order to establish the threshold for the 
failure strains of resin specimens and the first ply transverse cracking 
strains for cross-ply and 90° unidirectional specimens. The remaining 
specimens were loaded repeatedly for several cycles below these threshold 
levels so that any hysteresis or permanent set could be recorded at the end 
of each cycle. Measurements could also then be made of the changes in moduli 
of the specimens after repeated loadings, below the transverse cracking 
strain threshold for laminates, and below the failure threshold for the resin 
specimens.
The cycling procedure for resin specimens involved loading to just below 
their failure threshold and then unloading by reversing the cross-head 
movement at the same cross-head speed and then reloading to failure on the 
second loading. The laminate specimens were loaded to an upper limit which 
was determined by the first transverse crack strain threshold, ebc, of the
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specimen. Each specimen was strained up to a value of about 0.2% below etc 
and the cross-head movement reversed. On reaching zero load the specimen 
was extended again to the same strain. The specimens were cycled three of 
four times. Some specimens were then removed from the grips and heated in an 
air circulating oven for 20 mins. at 100°C. After this the specimen was 
allowed to cool to room temperature and re-tested for two further cycles. At 
the end of this second cycle the maximum strain limit was increased but still 
kept to below the transverse cracking strain, ebc. The specimen was again 
cycled up to the new strain limit for several cycles.
For each specimen, a set of curves was obtained of load as a function of 
strain for consecutive cycles as well as a record of any permanent
deformation at zero load. The effect of heat-treating the specimens on the 
load/strain diagram was also examined. Corresponding stress/strain curves 
and elastic moduli were determined for each cycle as described above.
3.2.2.Dynamic mechanical thermal analysis
The glass transition temperature, Tg, and the stress-free temperature, Tl, of 
all three resins were obtained using a Polymer Laboratories Dynamic
Mechanical Thermal Analyser (DMTA). This is a fixed frequency, variable 
amplitude analyser and consists of a dynamic measuring head, a microprocessor 
controlled analyser and a temperature programmer. The apparatus applies a 
sinusoidally varying displacement via a driven arm clamped centrally on a 
thin rectangular specimen, of approximate dimensions 6 mm x 3 mm x 30 mm, 
fixed at both ends in a passive frame. The analyser is programmed to apply a 
fixed frequency of specimen flexure. This is achieved by varying the current
supplied to a large electromagnet to which the driven arm is connected. The
resultant displacement of the driven arm is controlled by the visco-elastic 
response of the specimen and is monitored by an electro-optical device 
operating from a small 'flag' attached to the arm.
For a linear visco-elastic material the strain and the stress will vary 
sinusoidally but the strain is out of phase with the stress. The phase lag 
results from the time necessary for the rearrangement of molecules, generally 
known as relaxation phenomena. The molecular rearrangements also result in 
the dissipation of a certain amount of energy. By comparing the phase angle, 
S, between the drive signal and the response of the driven arm, the analyser 
is able to determine the loss tangent, tan 6 , which is the ratio of the
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e n e r g y  d i s s i p a t e d  t o  t h e  max imum e n e r g y  s t o r e d  p e r  c y c l e .  T a n  £ i s  d e f i n e d  
b y  t h e  e q u a t i o n  ,
T a n  £> = E V E 1 ( 3 . 1)
w h e r e  E" i s  t h e  l o s s  m o d u l u s ,  w h i c h  i s  t h e  o u t - o f - p h a s e  o r  n o n - e l a s t i c  
c o m p o n e n t  r e l a t e d  t o  t h e  l o s s  o f  e n e r g y  ( h e a t )  d u r i n g  d e f o r m a t i o n  a n d  E' i s  
t h e  r e a l  p a r t  o f  t h e  m o d u l u s  w h i c h  i s  t h e  e l a s t i c  c o m p o n e n t  a n d  i s  r e l a t e d  t o  
t h e  s t o r a g e  o f  p o t e n t i a l  e n e r g y  a n d  i t s  r e l e a s e  d u r i n g  p e r i o d i c  d e f o r m a t i o n .  
When t h e  a p p a r a t u s  h a s  b e e n  c a l i b r a t e d  f o r  t h e  s p e c i m e n  d i m e n s i o n s ,  t h e  
a n a l y s e r  c a n  a l s o  d e t e r m i n e  t h e  r e a l  m o d u l u s ,  E ' .  B o t h  Tan  c f a n d  E 1 a r e  
d e p e n d e n t  o n  t h e  s t r u c t u r e  o f  t h e  p o l y m e r  an d  a n y  s t r u c t u r a l  c h a n g e s  s u c h  a s  
t h e  e x t e n s i v e  m o l e c u l a r  m o t i o n s  o c c u r r i n g  a t  t h e  g l a s s  t r a n s i t i o n  
t e m p e r a t u r e ,  Tg , r e s u l t  i n  a d r a m a t i c  i n c r e a s e  i n  t h e  v a l u e  o f  T a n  <5" o n
r e a c h i n g  t h i s  t e m p e r a t u r e  a n d  a c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  v a l u e  o f  t h e
r e a l  m o d u l u s .
T h e  f r e q u e n c y  o f  s p e c i m e n  f l e x u r e  u s e d  i n  t h e s e  t e s t s  w a s  c h o s e n  t o  b e  1 
H e r t z  a n d  t h i s  w a s  k e p t  c o n s t a n t .  T h e  a m p l i t u d e  o f  s p e c i m e n  d i s p l a c e m e n t  w a s  
d e t e r m i n e d  b y  t h e  m i c r o p r o c e s s o r  c o n t r o l l e d  a n a l y s e r  w h i c h  w a s  s e t  t o  o p e r a t e  
i n  i t s  ' a u t o '  s t r a i n  c o n t r o l  m o d e .  T h i s  e n a b l e s  t h e  a n a l y s e r  t o  o p e r a t e  
u n d e r  o p t i m u m  c o n d i t i o n s  a l l o w i n g  f o r  c h a n g e s  i n  t h e  s p e c i m e n  r e s p o n s e  a t  
h i g h  t e m p e r a t u r e s . T h e  t e m p e r a t u r e  o f  t h e  s p e c i m e n  w a s  c o n t r o l l e d  b y  a 
t e m p e r a t u r e  p r o g r a m m e r  c o n n e c t e d  t o  a l a r g e  c y l i n d r i c a l  h e a t e r  p l a c e d  a r o u n d  
t h e  d y n a m i c  m e a s u r i n g  h e a d .  A h e a t i n g  r a t e  o f  2K p e r  m i n u t e  w a s  u s e d  i n  t h e  
t e m p e r a t u r e  r a n g e  23°C t o  200° C .
E a c h  t e s t  p r o d u c e d  a  p l o t  o f  t h e  r e a l  m o d u l u s  ( l o g  E ' )  a n d  T an  6  a s  a  
f u n c t i o n  o f  s p e c i m e n  t e m p e r a t u r e .  A d e c r e a s e  i n  t h e  r e a l  m o d u l u s  w a s  
o b s e r v e d  b e f o r e  r e a c h i n g  t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e .  T h e  t e m p e r a t u r e  
a t  w h i c h  t h i s  o c c u r r e d  w a s  r e g a r d e d  a s  t h e  s t r e s s - f r e e  t e m p e r a t u r e  o f  t h e
l a m i n a t e .  T h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e ,  Tg , w a s  i d e n t i f i e d  a s  t h e
max imum o f  t h e  Tan  d p e a k .  T y p i c a l  t r a c e s  o f  Tan  6  a n d  E ' a s  a  f u n c t i o n  o f  
t e m p e r a t u r e  a r e  s h o w n  i n  F i g u r e  3 . 5 . w h i c h  a l s o  s h o w s  how Tg a n d  T I  w e r e  
m e a s u r e d .  TI  w a s  o b t a i n e d  b y  d r a w i n g  t a n g e n t s  t o  t h e  r e a l  m o d u l u s  v e r s u s  
t e m p e r a t u r e  c u r v e  a s  s h o w n .
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3 . 2 . 3 . Determination of th e  volume f r a c t i o n  o f  f i b r e s  in laminates
T h e  v o l u m e  f r a c t i o n  o f  f i b r e s ,  V f ,  i n  t h e  l a m i n a t e s  w a s  d e t e r m i n e d  u s i n g  t h e  
" B u r n - o f f "  m e t h o d ,  a n d  f r o m  t h i c k n e s s  m e a s u r e m e n t s .  T h e  " B u r n - o f f "  m e t h o d  
i n v o l v e d  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  t h e  r e s i n  i n  a kn own w e i g h t ,  Wc , o f  a  
l a m i n a t e .  T h e  s p e c i m e n  w a s  h e a t e d  o v e r n i g h t  i n  a  f u r n a c e  a t  600 C i n  a 
p r e - w e i g h e d  c r u c i b l e .  T h e  r e s i n  w a s  a l l o w e d  t o  b u r n  o f f  a n d  e s c a p e  w h i l e  t h e  
f i b r e s  r e m a i n e d  u n a f f e c t e d .  A f t e r  c o o l i n g  t h e  c r u c i b l e  t o  r o o m  t e m p e r a t u r e ,  
t h e  c o n t e n t s  w e r e  r e - w e i g h e d  a n d  t h e  w e i g h t  o f  f i b r e s ,  Wf ,  a n d  r e s i n  l o s t ,
Wr , w a s  d e t e r m i n e d .  Fro m a k n o w l e d g e  o f  t h e  f i b r e  a n d  r e s i n  d e n s i t i e s ,  t h e
v o l u m e  f r a c t i o n  o f  f i b r e s ,  V f ,  w a s  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n ,
Vf  = (Wf / D f ) / [ ( W f / D f ) + ( W r / D r ) ]  ( 3 . 2 )
w h e r e  D f  i s  t h e  d e n s i t y  o f  f i b r e  a n d  Dr  i s  t h e  d e n s i t y  o f  t h e  r e s i n  (2550 
kgm’3 an d  1230 k g n f3 r e s p e c t i v e l y )
T h e  v o l u m e  f r a c t i o n  c o u l d  a l s o  b e  d e t e r m i n e d  s i m p l y  f r o m  a m e a s u r e m e n t  o f  t h e  
l a m i n a t e  t h i c k n e s s .  D u r i n g  f i l a m e n t  w i n d i n g  a k no w n  n u m b e r  o f  t o w s  a r e  l a i d  
down o v e r  a g i v e n  w i d t h  o f  e a c h  p l y .  F o r  a l a m i n a t e  w i t h  N p l i e s ,  t h e  v o l u m e  
f r a c t i o n  o f  f i b r e s ,  V f ,  i s  r e l a t e d  t o  t h e  t h i c k n e s s ,  t ,  o f  t h e  l a m i n a t e  
a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n ,
Vf  = ( N C F ) / t D f  ( 3 . 3 )
w h e r e  N = Number  o f  p l i e s ,  C = N u m b er  o f  t o w s  p e r  u n i t  w i d t h ,  F = F i b r e  t o w  
w e i g h t  p e r  m e t e r ,  a n d  D f  = F i b r e  d e n s i t y .
T h e  v o l u m e  f r a c t i o n s  o f  f i b r e  w e r e  c o n v e r t e d  t o  p e r c e n t a g e  v a l u e s  f o r
c o n v e n i e n c e .  B o t h  m e t h o d s  g a v e  v a l u e s  o f  v o l u m e  f r a c t i o n  w h i c h  a g r e e d  
c l o s e l y  ( +  2%).
3 .2 .4 .Measurement o f the t e n s i le  debonding s tr e ss
In  o r d e r  t o  o b t a i n  a d i r e c t  m e a s u r e  o f  t h e  s t r e s s  r e q u i r e d  t o  c a u s e  t e n s i l e  
d e b o n d i n g  b e t w e e n  a s i n g l e  f i b r e  a n d  t h e  r e s i n  m a t r i x ,  t e s t  p i e c e s  w e r e  
p r e p a r e d  i n  w h i c h  a s i n g l e  c o n t i n u o u s  f i b r e  w a s  e m b e d d e d  t h r o u g h  t h e  c e n t r e  
o f  a  n e c k e d  s p e c i m e n  a s  s h o w n  i n  T a b l e  3 . 2 . A m o u l d  w a s  d e s i g n e d  t o  p r o d u c e  
f i v e  c o m p l e t e  s p e c i m e n s .  T h e  s u r f a c e s  o f  t h e  m o u l d  w e r e  f i r s t  c o a t e d  w i t h  a  
r e l e a s e  a g e n t  a n d  a s i n g l e  f i b r e  w a s  t h e n  a l i g n e d  down i t s  c e n t r e  t h r o u g h  t w o
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g u i d i n g  h o l e s ,  o n e  a t  e a c h  e n d  o f  t h e  m o u l d .  E a c h  f i b r e  e n d  w a s  g l u e d  t o  t h e  
b a s e  o f  t h e  m o u l d  w i t h  a q u i c k - s e t t i n g  e p o x y  a d h e s i v e  a n d  t h e  g u i d i n g  h o l e s  
s e a l e d  w i t h  s i l i c o n e  r u b b e r .  D e - g a s s e d  r e s i n  w a s  t h e n  p o u r e d  i n t o  t h e  m o u l d  
a n d  t h e  s p e c i m e n s  g i v e n  t h e  s a m e  c u r e  s c h e d u l e s  a s  t h e  l a m i n a t e s .  T h e  
s p e c i m e n s  w e r e  d e s i g n e d  t o  s i m u l a t e  a  t e n s i l e  s t r e s s  s t a t e  a t  t h e  
f i b r e / m a t r i x  i n t e r f a c e  [ 50] .
On a x i a l  c o m p r e s s i o n  o f  t h e  t e s t p i e c e ,  t h e  h i g h e r  P o i s s o n ' s  r a t i o  o f  t h e  
r e s i n  c a u s e s  i t  t o  e x p a n d  r a d i a l l y  m o r e  t h a n  t h e  g l a s s ,  c a u s i n g  a  t r a n s v e r s e  
t e n s i l e  s t r e s s  t o  d e v e l o p  a t  t h e  g l a s s / r e s i n  i n t e r f a c e  i n  o r d e r  t o  p r e s e r v e  
c o n t i n u i t y .  T h i s  s t r e s s  c a n  t h e n  c a u s e  d e b o n d i n g  i n  t h e  n e c k e d  r e g i o n  o f  t h e  
s p e c i m e n  w h e r e  t h e  s t r e s s e s  a r e  t h e  m o s t  c o n c e n t r a t e d .  I n  t h e  c a s e  o f  a 
t r a n s p a r e n t  g l a s s  f i b r e / e p o x y  s p e c i m e n ,  t h e  d i s c o n t i n u i t y  w o u l d  c a u s e  l i g h t  
t o  b e  s c a t t e r e d  a t  t h e  i n t e r f a c e  a n d  f i b r e  p r o m i n e n c e  o r  s t r e s s  w h i t e n i n g  
w o u l d  b e  o b s e r v e d  m a k i n g  t h e  d e b o n d  v i s i b l e .  T h e  t e n s i l e  d e b o n d i n g  s t r e s s ,  
crd b , i s  g i v e n  b y ,
° d b  = °mn <-»m -  V  E f /<1 + *m > Ef  +(1 -  -»f  -  2+ ) E m ( 3 . 4 )
w h e r e  o j ^  = a x i a l  s t r e s s  on  m i n im u m  s e c t i o n  a t  f a i l u r e  a n d  m =
P o i s s o n ' s  r a t i o  o f  f i b r e  a n d  r e s i n  r e s p e c t i v e l y ,  E f  = M o d u l u s  o f  f i b r e ,
Em = M o d u l u s  o f  r e s i n .
3 .2 .5 .Measurement o f the y ie ld  s tr e s s  o f  the resin  m atrices
In  o r d e r  t o  o b t a i n  a b e t t e r  k n o w l e d g e  o f  t h e  c h a n g e  i n  m e c h a n i c a l  p r o p e r t i e s  
o f  t h e  r e s i n  m a t r i c e s ,  b r o u g h t  a b o u t  b y  i n c r e a s i n g  t h e  l e v e l  o f  c u r e  o f  t h e  
r e s i n s ,  t h e  y i e l d  s t r e s s  o f  t h e  r e s i n s  w a s  m e a s u r e d  i n  a d d i t i o n  t o  t h e  Y o u n g s  
m o d u l u s  a n d  P o i s s o n ' s  r a t i o .  T h e  y i e l d  s t r e s s  o f  t h e  e p o x y  r e s i n s  h a d  t o  b e  
o b t a i n e d  i n  c o m p r e s s i o n .  T e s t s  i n  t e n s i o n  w e r e  n o t  s u i t a b l e  s i n c e  t h e  e p o x y  
r e s i n s  w e r e  b r i t t l e  a t  ro o m  t e m p e r a t u r e  a n d  f a i l e d  p r e m a t u r e l y  f r o m  d e f e c t s .  
T h e  r oo m  t e m p e r a t u r e  b r i t t l e  b e h a v i o u r  c a n  be  s u p p r e s s e d ,  h o w e v e r ,  u s i n g  
d i f f e r e n t  m o d e s  o f  l o a d i n g .  I n  u n i a x i a l  c o m p r e s s i o n  o r  p u r e  s h e a r ,  f o r  
e x a m p l e ,  p l a s t i c  d e f o r m a t i o n  c a n  o c c u r  a t  ro om  t e m p e r a t u r e .  Two m e t h o d s  w e r e  
u s e d  t o  d e t e r m i n e  t h e  y i e l d  s t r e s s .  T h e s e  w e r e  t h e  p l a n e  s t r a i n  c o m p r e s s i o n  
t e s t  d e v e l o p e d  b y  W i l l i a m s  e t  a l  [ 78] ,  a n d  t h e  u n i a x i a l  c o m p r e s s i o n  o f  
c y l i n d r i c a l  s p e c i m e n s  [ 13] .
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a) Plane s t r a i n  compression t e s t
A s c h e m a t i c  d i a g r a m  o f  t h e  t e s t  a p p a r a t u s  u s e d  i s  sh o w n  i n  F i g u r e  3 . 6 . T h e  
a p p a r a t u s  c o n s i s t e d  o f  a  p a i r  o f  f l a t ,  h i g h l y  p o l i s h e d  p a r a l l e l  d i e s  o f  k no wn  
w i d t h  w h i c h  w e r e  i n s e r t e d  i n t o  a s u b - p r e s s .  E a c h  h a l f  o f  t h e  p r e s s  c o n t a i n e d  
v e r t i c a l  c o l u m n s  t o  e n s u r e  t h a t  t h e  d i e s  w e r e  a l i g n e d ,  h e l d  r i g i d  a n d  
p a r a l l e l .  T h e  s u b - p r e s s  w a s  p l a c e d  o n  a  c o m p r e s s i o n  a n v i l  a t t a c h e d  t o  a  l o a d  
c e l l  f i t t e d  t o  t h e  c o m p r e s s i o n  b ea m o f  a u n i v e r s a l  t e n s i l e  t e s t i n g  m a c h i n e  
( I n s t r o n  T T D ) .  -'A s m a l l e r  d i a m e t e r  a n v i l  w a s  a t t a c h e d  t o  t h e  m o v i n g  
c r o s s - h e a d  a b o v e  t h e  p r e s s .  T h e  r e s i n  s p e c i m e h  i n  t h e  f o r m  o f  a f l a t  p l a t e  
w a s  p l a c e d  b e t w e e n  t h e  l u b r i c a t e d  d i e s .  T h e s e  d i e s  w e r e  f o r c e d  i n t o  t h e  
t e s t p i e c e  f r o m  e i t h e r  s i d e  b y  l o w e r i n g  t h e  m o v i n g  c r o s s - h e a d  a t  a  c o n s t a n t  
r a t e  o f  0.5 mm m i n”1 i n  t h e  d i r e c t i o n  s h o w n  ( d i r e c t i o n  1) i n  F i g u r e  3 . 6 . 
D e f o r m a t i o n  a l o n g  t h e  a x i s  o f  t h e  d i e  ( d i r e c t i o n  2) i s  p r e v e n t e d  b y  t h e  
u n s t r a i n e d  m a t e r i a l  o u t s i d e  t h e  d i e s .  T h e  m a t e r i a l  d i s p l a c e d  i n  d i r e c t i o n  1 
i s ,  t h u s ,  f o r c e d  t o  m o v e  i n  d i r e c t i o n  3 o n l y .  T h i s  r e s u l t s  i n  a  c o n s t a n t  
a r e a  u n d e r  l o a d  a n d  a s t a t e  o f  p l a n e  s t r a i n  s i n c e  t h e  w i d t h  o f  t h e  t e s t p i e c e  
u n d e r  t h e  d i e  i s  p r e v e n t e d  f r o m  i n c r e a s i n g  ( w h i l e  o n l y  t h e  t h i c k n e s s  
c h a n g e s ) .
T he  f r i c t i o n  a n d  g e o m e t r y  o f  t h e  d i e s  a r e  i m p o r t a n t  c o n s i d e r a t i o n s .  T h e  d i e s  
a n d  t h e  s p e c i m e n s  h a d ,  t h e r e f o r e ,  t o  b e  c l e a n e d  a n d  l u b r i c a t e d  t h o r o u g h l y .  
T he  s p e c i m e n  w i d t h  h a d  t o  b e  a t  l e a s t  f o u r  t i m e s  t h a t  o f  t h e  d i e  t o  e l i m i n a t e  
e n d  e f f e c t s  d u e  t o  b o w i n g  a n d  t h e r e b y  e n s u r i n g  p l a n e  s t r a i n  c o n d i t i o n s .  T h e  
r a t i o  o f  t h e  s p e c i m e n  t h i c k n e s s  t o  d i e  w i d t h  ( h / b )  h a d  t o  be  w i t h i n  0.5 a n d  
0.25 i n  o r d e r  t o  m i n i m i s e  t h e  c o r r e c t i o n s  w h i c h  may h a v e  b e e n  n e c e s s a r y  f o r  
t h e  c h a n g i n g  h / b  r a t i o .  A s e t  o f  i n t e r c h a n g e a b l e  d i e s  o f  d i f f e r e n t  w i d t h s  
w e r e  a v a i l a b l e  s o  t h a t  v a l u e s  c o u l d  b e  c o r r e c t e d  a n d  n o r m a l i s e d .  No 
c o r r e c t i o n s  w e r e  m a d e ,  h o w e v e r ,  s i n c e  t h e  i n c o n s i s t e n c i e s  i n  m a t e r i a l  
b e h a v i o u r  w e r e  c o m p a r a t i v e l y  l a r g e .  T h e s e  r e s u l t e d  l a r g e l y  f r o m  p r e m a t u r e  
c r a c k i n g  o f  t h e  m a t e r i a l  l y i n g  o u t s i d e  t h e  d i e s  ( s e e  s e c t i o n  4 . 1.1 ( d ) ) .
A t y p i c a l  f o r m  o f  t h e  t r a c e  o b t a i n e d  i s  sh o w n  i n  F i g u r e  3 . 7 . An i n i t i a l  
i n f l e x i o n  w a s  a l w a y s  o b s e r v e d  b e c a u s e  o f  t h e  e x t r u s i o n  o f  e x c e s s  l u b r i c a n t  
a n d  t h e  g e n e r a l  c o n s o l i d a t i o n  o f  t h e  t e s t p e i c e  a n d  p r e s s .  An e f f e c t i v e  
o r i g i n ,  A ‘ , w a s  o b t a i n e d  b y  e x t r a p o l a t i n g  t h e  c u r v e  l i n e a r l y  a s  s h o w n  i n  
F i g u r e  3 . 7 .
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b) Uniaxial compression of  c y l in d r i c a l  specimens.
T he  c y l i n d r i c a l  s p e c i m e n s  r e q u i r e d  f o r  t h e s e  t e s t s  w e r e  m a c h i n e d  f r o m  s a m p l e s  
o f  b u l k  r e s i n  ( s e e  s e c t i o n  3 . 1 . 2) s o  t h a t  t h e y  h a d  n o m i n a l  d i a m e t e r s  o f  5mm 
a n d  l e n g t h s  o f  a b o u t  10 mm. E a c h  s p e c i m e n  w a s  c l e a n e d  a n d  l u b r i c a t e d  a t  t h e  
e n d s  a n d  p l a c e d  b e t w e e n  t h e  l u b r i c a t e d  c o m p r e s s i o n  a n v i l s  a t t a c h e d  t o  t h e  
m o v i n g  c r o s s - h e a d  ( c o n t a i n i n g  t h e  l o a d  c e l l )  a n d  t h e  s t a t i o n a r y  c o m p r e s s i o n  
b ea m r e s p e c t i v l y .  T h e  c r o s s - h e a d  w a s  t h e n  l o w e r e d  a t  a  c o n s t a n t  r a t e  o f  0.5 
mm m i n “ -*-. A t y p i c a l  f o r m  o f  t h e  c u r v e  o b t a i n e d  i s  sh ow n  i n  F i g u r e  3 . 8 . T h e  
maximum l o a d  a c h i e v e d  w a s  c o n v e r t e d  t o  s t r e s s  u s i n g  t h e  i n i t i a l  c r o s s -  
s e c t i o n a l  a r e a  o f  t h e  s p e c i m e n  a n d  w a s  t a k e n  t o  b e  t h e  y i e l d  s t r e s s .
3 .2 .6 .  Determination o f  resin  r e fra c tiv e  index
T h e  c h a n g e  i n  r e f r a c t i v e  i n d e x  o f  a l l  t h r e e  r e s i n  m a t r i c e s  w i t h  c u r e  w a s  
m e a s u r e d  s o  t h a t  t h e  a p p a r e n t  c h a n g e  i n  t h e  t r a n s p a r e n c y  o f  t h e  r e s u l t i n g  
l a m i n a t e s  w i t h  i n c r e a s i n g  c u r e  c o u l d  b e  c o r r e l a t e d  w i t h  t h e  c l o s e n e s s  o f  t h e  
r e s i n  r e f r a c t i v e  i n d e x  t o  t h a t  o f  g l a s s .  Two p a r a l l e l  s u r f a c e s  o f  r e s i n  
s p e c i m e n s  w e r e  p o l i s h e d .  T h e  r e f r a c t i v e  i n d e x  w a s  t h e n  d e t e r m i n e d  u s i n g  t h e  
r e a l  a n d  a p p a r e n t  d e p t h  m e t h o d  [ 79] .  A t r a v e l l i n g  m i c r o s c o p e  w a s  f o c u s e d  on  
s o m e  l y c o p o d i u m  p a r t i c l e s  o n  a  s h e e t  o f  p a p e r  ( p o i n t  0 ,  s e e  F i g u r e  3 . 9 ) a n d  a  
r e a d i n g  o f  t h e  v e r t i c a l  s c a l e  o n  t h e  m i c r o s c o p e  r e c o r d e d .  The  r e s i n  b l o c k  
w a s  t h e n  p l a c e d  on  t h e  p a r t i c l e s  a n d  t h e  m i c r o s c o p e  r a i s e d  u n t i l  t h e  
p a r t i c l e s  w e r e  i n  f o c u s  a g a i n  a t  a n  a p p a r e n t  d e p t h  o f  I .  More  p a r t i c l e s  w e r e  
t h e n  s p r i n k l e d  a t  M o n  t o p  o f  t h e  b l o c k  an d  t h e  m i c r o s c o p e  r a i s e d  t o  b r i n g  
t h e s e  i n t o  f o c u s .  T h e  r e a l  d e p t h  o f  0 i s  0M w h i l e  t h e  a p p a r e n t  d e p t h  i s  IM.  
T h e  r e f r a c t i v e  i n d e x ,  N,  i s  g i v e n  b y ,
N = r e a l  d e p t h  ( 0M) /  ( 3 . 5 )
a p p a r e n t  d e p t h  ( IM)
3 .3 .Observations o f Stress-w hitenIng
3 .3 .1  Colour photography
W h i l e  u n d e r g o i n g  t e n s i l e  t e s t s ,  t h e  l a m i n a t e  s p e c i m e n s  w e r e  p h o t o g r a p h e d  a t  
s t r a i n  i n t e r v a l s  t o  r e c o r d  a n y  c h a n g e  i n  t h e i r  a p p e a r a n c e .  As t h e  l a m i n a t e s  
w e r e  m o s t l y  t r a n s p a r e n t ,  t h e  l i g h t i n g  c o n d i t i o n s  w e r e  s p e c i f i c a l l y  s e t  s o  
t h a t  t h e  s m a l l  o p t i c a l  i n h o m o g e n e i t y  o f  t h e  s p e c i m e n s  c o u l d  b e  e x p l o i t e d  a n d
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a s c a t t e r e d  i m a g e  o f  t h e  e n t i r e  s p e c i m e n  c o u l d  b e  r e c o r d e d .  T h e  l i g h t i n g  
a r r a n g e m e n t  i s  s h o w n  i n  F i g u r e  3 . 10. Two t u n g s t e n  a n g l e  p o i s e  l a m p s  w e r e  
u s e d  a s  t h e  l i g h t  s o u r c e s  a n d  t h e  l i g h t  w a s  d i r e c t e d  a t  a n  o b l i q u e  a n g l e  t o  
t h e  s p e c i m e n .  A b l a c k  s c r e e n  w a s  p l a c e d  b e h i n d  t h e  s p e c i m e n .  A C h i  n o n  CE4 
c a m e r a  f i t t e d  w i t h  a  m a c r o  l e n s  a n d  m o u n t e d  o n  a f i x e d  t r i p o d  w a s  u s e d  t o  
r e c o r d  t h e  s e q u e n c e  o f  i m a g e s  o n  a n  o r d i n a r y  (125 ASA) d a y l i g h t  c o l o u r  f i l m .  
A c o l o u r  f i l m  w a s  u s e d  s i n c e  i t  w a s  o b s e r v e d  t h a t  t h e  s p e c i m e n  e x h i b i t e d  
c e r t a i n  c o l o u r  c h a n g e s  a s  w e l l  a s  t h e  w h i t e n i n g  e f f e c t .  W i t h  t u n g s t e n
l i g h t i n g ,  i t  w a s  n e c e s s a r y  t o  u s e  a b l u e  t u n g s t e n  t o  d a y l i g h t  f i l t e r  o n  t h e  
l e n s  t o  e n s u r e  t h a t  t h e  c o r r e c t  c o l o u r s  w e r e  r e c o r d e d .  T h e  l i g h t i n g  
c o n d i t i o n s  w e r e  c r i t i c a l  f o r  t h e  o b s e r v a t i o n s  o f  b o t h  c o l o u r  c h a n g e s  a n d  
s t r e s s - w h i t e n i n g .
P h o t o g r a p h s  o f  t h e  s p e c i m e n s  w e r e  t a k e n  a t  e v e r y  0 . 05% i n t e r v a l  o f  s t r a i n  
d u r i n g  b o t h  t h e  l o a d i n g  a n d  t h e  u n l o a d i n g  c y c l e s  o f  t h e  t e n s i l e  t e s t  a n d  
a f t e r  h e a t  t r e a t i n g  t h e  s p e c i m e n s .
3 .3 .2  Macro-photography
T h e  e x p e r i m e n t a l  s e t - u p  f o r  o b s e r v i n g  t h e  s p e c i m e n s  a t  h i g h e r  m a g n i f i c a t i o n s  
d u r i n g  . t e n s i l e  t e s t i n g  i s  s h o w n  i n  F i g u r e  3 . 11.  A Z e i s s  T e s s o v a r
p h o t o m a c r o g r a p h i c  z o o m  s y s t e m  c a p a b l e  o f  m a g n i f y i n g  up  t o  12.6 t i m e s  w a s  
u s e d .  T h i s  w a s  t h e  h i g h e s t  m a g n i f i c a t i o n  a v a i l a b l e  o n  a  p o r t a b l e  u n i t  w h i c h  
c o u l d  b e  f i x e d  t o  t h e  I n s t r o n  t e s t i n g  m a c h i n e  a n d  c o v e r e d  t h e  r a n g e  b e t w e e n  
a n  o r d i n a r y  z oo m  l e n s  a n d  a p h o t o m i c r o s c o p e .  A v a r i a b l e  i n t e n s i t y  h a l o g e n  
l i g h t  s o u r c e  w a s  u s e d  i n  w h i c h  t h e  l i g h t  w a s  p a s s e d  t h r o u g h  t w o  f i b r e  o p t i c  
c a b l e s .  B o t h  c a b l e s  w e r e  p o s i t i o n e d  s o  t h a t  t h e  l i g h t  c o u l d  b e  d i r e c t e d  
o n t o  t h e  s p e c i m e n  a t  a n  o b l i q u e  a n g l e .  T he  s p e c i m e n  w a s  o b s e r v e d  t h r o u g h  a 
l e n s  a t  t h e  s i d e  o f  t h e  a t t a c h m e n t .  I t  w a s  p h o t o g r a p h e d  u s i n g  a c a m e r a
a t t a c h e d  t o  t h e  b a c k  o f  t h e  u n i t .  A f a s t  b l a c k  an d  w h i t e  f i l m  (400 ASA) w a s  
u s e d  a s  t h e  e x p o s u r e s  t e n d e d  t o  b e  l o n g  e v e n  a t  maximum l a m p  s e t t i n g s .
P h o t o g r a p h s  o f  s e c t i o n s  o f  t h e  ' f a c e '  ( w i d t h )  o f  t h e  s p e c i m e n  w e r e  t a k e n  a t  
e v e r y  0 . 05% i n t e r v a l s  o f  s t r a i n  a t  m a g n i f i c a t i o n s  o f  0.8 t i m e s  a n d  3.2 t i m e s  
d u r i n g  b o t h  t h e  l o a d i n g  a n d  u n l o a d i n g  c y c l e s  o f  t h e  t e n s i l e  t e s t .  T h e  s y s t e m  
c o u l d  n o t  r e s o l v e  i n d i v i d u a l  d e b o n d s  o n  t h e  e d g e  o r  t h i c k n e s s  o f  t h e  c o u p o n .  
In  o r d e r  t o  r e s o l v e  i n d i v i d u a l  m i c r o - c r a c k s  i n  s i t u  m i c r o s c o p y  h a d  t o  be  
e m p l o y e d .
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3.3.3. Polished edge microscopy
A n u m b e r  o f  l a m i n a t e  s p e c i m e n s  w i t h  p o l i s h e d  e d g e s  w e r e  t e n s i l e  t e s t e d  a n d
t h e i r  e d g e s  e x a m i n e d  i n  t r a n s m i s s i o n  o n  a Z e i s s  p h o t o m i c r o s c o p e .  T h e  
s p e c i m e n  w a s  f i r s t  e x a m i n e d  p r i o r  t o  t e n s i l e  t e s t i n g  a n d  s e v e r a l  a r e a s  w e r e  
p h o t o g r a p h e d .  I t  w a s  t h e n  t e s t e d  i n  u n i a x i a l  t e n s i o n  a n d  t h e  t e s t  
i n t e r r u p t e d  on r e a c h i n g  a  g i v e n  s t r a i n  l e v e l  w h e n  i t  w a s  r e m o v e d  f r o m  t h e  
g r i p s  o f  t h e  I n s t r o n  a n d  r e - e x a m i n e d  u n d e r  t h e  m i c r o s c o p e ,  w i t h  p a r t i c u l a r
r e f e r e n c e  t o  t h e  k no wn  a r e a s .  T h e  p r o c e d u r e  w a s  c o n t i n u e d  s o  t h a t  t h e  
s p e c i m e n  w a s  e x a m i n e d  o v e r  a n  a p p l i e d  s t r a i n  r a n g e  o f  0 . 0% t o  0 . 6% o r  u n t i l  
m i c r o - c r a c k i n g  n e a r  t h e  f i b r e / m a t r i x  i n t e r f a c e  w a s  o b s e r v e d .  T h e  s p e c i m e n  
w a s  t h e n  h e a t e d  i n  a n  a i r - c i r c u l a t i n g  o v e n  a t  100°C f o r  20 m i n s .  I t  w a s  
a l l o w e d  t o  c o o l  t o  r o o m  t e m p e r a t u r e ,  r e - e x a m i n e d  u n d e r  t h e  m i c r o s c o p e  a n d  
p h o t o g r a p h e d  p r i o r  t o  r e - t e s t i n g .  T h e  a b o v e  t e s t  p r o c e d u r e  w a s  t h e n  
r e p e a t e d .
A s e r i e s  o f  p h o t o g r a p h s  s h o w i n g  t h e  a p p e a r a n c e  o f  m i c r o - c r a c k s  a n d  t h e i r
d i s a p p e a r a n c e  on  h e a t  t r e a t i n g  t h e  s p e c i m e n  w e r e ,  t h u s ,  o b t a i n e d .  T h i s  t e s t
p r o c e d u r e  w a s  n o t  s u c c e s s f u l  f o r  a l l  s p e c i m e n s  s i n c e  i t  r e l i e d  o n  t h e  
v i s i b i l i t y  o f  m i c r o - c r a c k s  a t  z e r o  l o a d  -  i . e .  t h e  m i c r o - c r a c k s  h a d  t o  r e m a i n  
s u f f i c i e n t l y  ' o p e n '  a t  z e r o  l o a d  s o  t h a t  s t r e s s - w h i t e n i n g  w a s  ' r e t a i n e d '  
a f t e r  u n l o a d i n g .  T h e  r e t a i n e d  s t r e s s - w h i t e n i n g  w a s  m o s t  a p p a r e n t  i n  t h e  
l a m i n a t e s  w i t h  t h i n  (0.5 mm) i n n e r  90° p l i e s  a n d  h e n c e  t h e  s p e c i m e n s  f r o m  
t h e s e  l a m i n a t e s  w e r e  u s e d  f o r  t h e  a b o v e  e x p e r i m e n t s .  T he  sa m e  s p e c i m e n s  w e r e  
a l s o  p h o t o g r a p h e d  u s i n g  c o l o u r  p h o t o g r a p h y  a s  d e s c r i b e d  i n  s e c t i o n  3 . 3 . 1 . 
T h u s ,  t h e  a p p e a r a n c e ,  r e t e n t i o n  a n d  d i s a p p e a r a n c e  o f  s t r e s s - w h i t e n i n g  b e f o r e  
a n d  a f t e r  h e a t  t r e a t m e n t  w a s  a l s o  r e c o r d e d .  L a t e r ,  a l l  l a m i n a t e s  w e r e  
e x a m i n e d  i n  s i t u  w h en  t h i s  b e c a m e  p o s s i b l e .
3 .3 .4 .  In s itu  observation o f  the polished edge o f  specimens in uniaxial 
tension
I n  s i t u  o b s e r v a t i o n s  o f  t h e  p o l i s h e d  e d g e s  o f  l a m i n a t e  s p e c i m e n s  w e r e  mad e  
u s i n g  a h y d r a u l i c a l l y  o p e r a t e d  s t r a i n i n g  s t a g e .  T h i s  w a s  d e s i g n e d  t o  f i t  on  
a  m i c r o s c o p e  s t a g e  a n d  w a s  c a p a b l e  o f  a p p l y i n g  a t e n s i l e  f o r c e  o f  u p  t o  40 kN 
o n  a s p e c i m e n  o f  a p p r o x i m a t e  d i m e n s i o n s  o f  45 mm x  10 mm. ( T h e  t o t a l  
t h i c k n e s s ,  i n c l u d i n g  t h e  e n d  t a g s ,  m u s t  n o t  e x c e e d  5 m m . )  T h e  s t r a i n i n g  s t a g e  
w a s  d e s i g n e d  t o  f i t  i n s i d e  t h e  c h a m b e r  o f  a s c a n n i n g  e l e c t r o n  m i c r o s c o p e  
(SEM,  C a m b r i d g e  S 100) s o  t h a t  c o n t i n u o u s  o b s e r v a t i o n s  o f  t h e  i n i t i a t i o n  a n d  
g r o w t h  o f  m i c r o - c r a c k s  i n  t h e  s p e c i m e n  c o u l d  b e  m a d e  d u r i n g  a t e n s i l e  t e s t .
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H e n c e ,  a l l  l a m i n a t e  s p e c i m e n s  c o u l d  b e  e x a m i n e d  u n d e r  l o a d .  E x a m i n a t i o n  
u n d e r  l o a d  p r e s e n t e d  a  c o n s i d e r a b l e  a d v a n t a g e  s i n c e  a  g r e a t  d e a l  o f  d e t a i l  i s  
l o s t  d u e  t o  c r a c k  c l o s u r e  u p o n  u n l o a d i n g  t h e  s p e c i m e n .
T he  s t r a i n i n g  s t a g e  w a s  d e s i g n e d  a n d  b u i l t  a t  t h e  U n i v e r s i t y  o f  S u r r e y .  T h e  
d e v i c e  w a s  m a c h i n e d  f r o m  a s i n g l e  b l o c k  o f  h i g h  g r a d e  18/8 s t a i n l e s s  s t e e l ,  
f a v o u r e d  i n  h i g h  v a c u u m  s y s t e m s .  One e n d  o f  t h e  b l o c k  w a s  m a c h i n e d  t o  
p r o d u c e ,  i n t e r n a l l y ,  a h i g h l y  p o l i s h e d  h y d r a u l i c  c y l i n d e r .  PTFE c u p  s e a l s  
w e r e  u s e d  i n s i d e  t h e  c y l i n d e r  a n d  a  h y d r a u l i c  l i n e  w a s  c o n n e c t e d  t o  t h e  
c y l i n d e r .  The  o t h e r  e n d  o f  t h e  h y d r a u l i c  l i n e  w a s  c o n n e c t e d  t o  a f o o t p u m p  
w h i c h  w a s  u s e d  t o  a c t u a t e  t h e  h y d r a u l i c s .  T he  h y d r a u l i c  l i n e  w a s  ma d e  o f  a  
r e i n f o r c e d  t h e r m o p l a s t i c  t u b i n g  t o  w i t h s t a n d  t h e  h i g h  p r e s s u r e s  r e q u i r e d  f o r  
e x t e n d i n g  h i g h  m o d u l u s  s p e c i m e n s  a n d  p r o v i d e  a  d e g r e e  o f  f l e x i b i l i t y  s o  t h a t  
t h e  s t r a i n i n g  s t a g e  c o u l d  b e  m a n o e u v r e d  t h r o u g h  t h e  p o r t - h o l e  i n  t h e  d o o r  o f  
t h e  s p e c i m e n  c h a m b e r  o f  t h e  SEM. ( T h e  d i m e n s i o n s  o f  t h e  s t r a i n i n g  s t a g e  w e r e  
t h u s  d i c t a t e d  b y  t h e  s i z e  o f  t h e  p o r t - h o l e  a n d  t h e  s i z e  o f  t h e  s p e c i m e n  
c h a m b e r  i t s e l f . )  T h e  r e m a i n d e r  o f  t h e  s t a i n l e s s  s t e e l  b l o c k  w a s  m a c h i n e d  a s  
sh o w n  i n  F i g u r e  3 . 12. T h e  s p e c i m e n  w a s  g r i p p e d  b y  w e d g e - a c t i o n  i n s e r t s  a n d  a 
s c r e w  a d j u s t m e n t  p o s i t i o n e d  o n  t h e  e n d  o f  t h e  b l o c k  o p p o s i t e  t h e  h y d r a u l i c  
c y l i n d e r  a l l o w e d  a s l i g h t  p r e - t e n s i o n i n g  o f  t h e  s p e c i m e n .  T h i s  w a s  n e c e s s a r y  
s o  t h a t  t h e  s p e c i m e n  c o u l d  b e  s e c u r e l y  g r i p p e d  a t  t h e  b e g i n n i n g  o f  t h e  t e s t .
T he  s t r a i n  on  t h e  s p e c i m e n  w a s  m o n i t o r e d  by  a n  e l e c t r i c a l  r e s i s t a n c e  s t r a i n  
g a u g e ,  a t t a c h e d  t o  t h e  s p e c i m e n  w i t h  a n  e p o x y  a d h e s i v e ,  a l i g n e d  p a r a l l e l  t o  
t h e  t e n s i l e  a x i s .  T h e  s t r a i n  g a u g e  l e a d s  w e r e  s o l d e r e d  t o  c o n n e c t i n g  w i r e s  
a t t a c h e d  t o  t h e  i n s i d e  o f  t h e  t h e  p o r t - h o l e  c o v e r .  T e r m i n a l s  on  t h e  o u t s i d e  
o f  t h e  p o r t - h o l e  c o v e r  a l l o w e d  c o n n e c t i o n s  t o  b e  made  t o  a p o r t a b l e  s t r a i n  
g a u g e  m e t e r  w h i c h  w a s  c a p a b l e  o f  g i v i n g  a d i r e c t  r e a d i n g  o f  t h e  l o n g i t u d i n a l  
s t r a i n .  T h e  l o a d  o n  t h e  s p e c i m e n  c o u l d  n o t  b e  m o n i t o r e d  d i r e c t l y .
T h e  u s e  o f  t h e  s t r a i n i n g  s t a g e  i n  t h e  SEM h a d  l i m i t e d  s u c c e s s .  A l t h o u g h  t h e  
p r o b l e m s  e n c o u n t e r e d  w i t h  i t s  u s e  w e r e  s o l u b l e  t h e y  c o u l d  n o t  b e  s o l v e d  i n
t h e  l i m i t e d  t i m e  a v a i l a b l e  f o r  t h e s e  e x p e r i m e n t s .  T h e  SEM w a s  i n i t i a l l y  
p r e f e r r e d  t o  an  o p t i c a l  m i c r o s c o p e  b e c a u s e  o f  i t s  s u p e r i o r  r e s o l u t i o n  a t  h i g h  
m a g n i f i c a t i o n s .  T h e  o p t i c a l  m i c r o s c o p e ,  h o w e v e r ,  d i d  h a v e  a n  a d v a n t a g e  i n
t h a t  t h e  t r a n s p a r e n t  l a m i n a t e  s p e c i m e n s  c o u l d  b e  e x a m i n e d  i n  t r a n s m i s s i o n
w h i c h  w a s  f o u n d  t o  b e  m o r e  i n f o r m a t i v e  t h e n  e x a m i n i n g  i n  r e f l e c t e d  l i g h t .  
T h e  d e v i c e  w a s ,  t h e r e f o r e ,  s i m p l y  a d a p t e d  f o r  u s e  u n d e r  a n  o p t i c a l  m i c r o s c o p e  
( Z e i s s  p h o t o m i c r o s c o p e ) .  T h i s  w a s  a c h i e v e d  by  d r i l l i n g  a n  e l l i p t i c a l  h o l e  i n  
t h e  b a s e  o f  t h e  s t r a i n i n g  s t a g e  s o  t h a t  t h e  s p e c i m e n  c o u l d  b e  o b s e r v e d  i n
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t r a n s m i t t e d  l i g h t .  T h e  s t r a i n i n g  s t a g e  w a s  t h e n  p o s i t i o n e d  o n  a  m i c r o s c o p e  
s t a g e  c a p a b l e  o f  p r o v i d i n g  X ,  Y,  a n d  Z m o v e m e n t s ,  t h r e e  m u t u a l l y  
p e r p e n d i c u l a r  d i r e c t i o n s .  E x p e r i m e n t s  u s i n g  t h i s  m e t h o d  w e r e  s u c c e s s f u l .
T h r e e  p r o b l e m s  w e r e  e n c o u n t e r e d  w i t h  t h e  s t r a i n i n g  s t a g e .  T h e  f i r s t  w a s  
s p e c i f i c  t o  i t s  u s e  i n  t h e  SEM w h i l e  t h e  o t h e r  tw o  o c c u r r e d  w h e n  u s i n g  e i t h e r  
m i c r o s c o p e .  T h e  p r o b l e m  e n c o u n t e r e d  w h e n  u s i n g  t h e  s t r a i n i n g  s t a g e  i n  t h e  
SEM w a s  c o n c e r n e d  w i t h  t h e  f l e x i b i l i t y  o f  t h e  h y d r a u l i c  h o s e .  T h e  h o s e  w a s  
n o t  f l e x i b l e  e n o u g h  t o  a l l o w  p e r m a n e n t  p o s i t i o n i n g  o f  t h e  s t a g e  o n  t o  t h e  
e x i s t i n g  s t a g e  o f  t h e  SEM. S p e c i m e n s  f o r  e x a m i n a t i o n  i n , t h e  SEM a r e  u s u a l l y  
m o u n t e d  o n  s t u b s  w h i c h  f i t  i n t o  t h e  m i c r o s c o p e  s t a g e  a n d  a r e  h e l d  i n  p o s i t i o n  
by  a  g r u b  s c r e w .  T h e  s t r a i n i n g  s t a g e  w a s  f i t t e d  w i t h  a s i m i l a r  b u t  l a r g e r  
s t u b  s o  t h a t  t h e  X ,  Y ,  Z a n d  t i l t  m o v e m e n t s  a l r e a d y  a v a i l a b l e  i n  t h e  
m i c r o s c o p e  c o u l d  b e  u t i l i s e d .  T h e  i n f l e x i b i l i t y  o f  t h e  h o s e  m ad e  i t  
d i f f i c u l t  t o  p o s i t i o n  t h e  h o s e  i n s i d e  t h e  c h a m b e r .  I t  c o u l d  n o t  b e  f o r c i b l y  
p o s i t i o n e d  b e c a u s e  i t  a p p l i e d  a  t o r q u e  o n  t h e  s t r a i n i n g  s t a g e  w h i c h  i n  t u r n  
r o t a t e d  t h e  m i c r o s c o p e  s t a g e .  T h i s  w o u l d  h a v e  e v e n t u a l l y  l e d  t o  p r e m a t u r e  
w e a r  o f  t h e  m e c h a n i s m s  p r o v i d i n g  t h e  X , Y  a n d  o t h e r  m o v e m e n t s .  T h e  s e c o n d  
p r o b l e m  w a s  t h e  o c c a s i o n a l  l e a k a g e  o f  h y d r a u l i c  f l u i d .  T h i s  c a n n o t  b e  
t o l e r a t e d  i n  a v a c u u m  a p p a r a t u s .
T h e  t h i r d  p r o b l e m  w a s  c o n c e r n e d  w i t h  s m a l l  i n a c c u r a c i e s  i n  t h e  m a c h i n i n g  o f  
t h e  g r i p  h o u s i n g .  D u r i n g  i n i t i a l  t e s t i n g  u n d e r  t h e  o p t i c a l  m i c r o s c o p e  i t  w a s  
o b s e r v e d  t h a t  t r a n s v e r s e  c r a c k s  a l w a y s  i n i t i a t e d  o n  t h e  e d g e  o f  t h e  s p e c i m e n  
f u r t h e s t  f r o m  t h e  l e n s ,  d e s p i t e  t h e  u n i f o r m  p o l i s h  g i v e n  t o  b o t h  e d g e s .  I t  
b e c a m e  a p p a r e n t  t h a t  t h i s  w a s  t h e  r e s u l t  o f  s m a l l  v a r i a t i o n s  i n  t h e  
d i m e n s i o n s  o f  t h e  g r i p  h o u s i n g .  T h i s  h a d  t h e  e f f e c t  o f  a p p l y i n g  a n  u n e v e n  
l o a d  t o  t h e  s p e c i m e n  a c r o s s  i t s  w i d t h  w h i c h  l e d  t o  t h e  p r e f e r e n t i a l  c r a c k i n g  
o f  t h e  s p e c i m e n  on o n e  e d g e .  A f i n e l y  m a c h i n e d  a l u m i n i u m  s p e c i m e n  i n s e r t e d  
i n  t h e  g r i p s  an d  t e n s i o n e d  s h o w e d  j a w  m a r k s  on  t h e  b o t t o m  e d g e  o n l y ,  m a k i n g  
t h e  e f f e c t  a p p a r e n t .  In  o r d e r  t o  e v e n  o u t  t h e  g r i p  p r e s s u r e  t h i n  s t r i p s  o f  
a l u m i n i u m  p a c k i n g  w e r e  i n s e r t e d  b e t w e e n  t h e  w e d g e  i n s e r t s  a n d  t h e  g r i p  
h o u s i n g .  T h i s  w a s  s u c c e s s f u l .
3 .3 .5 .  Fractography
( a )  O p t i c a l  m i c r o s c o p y
T h e  p o l i s h e d  e d g e s  o f  f r a c t u r e d  s p e c i m e n s  w e r e  e x a m i n e d  i n  t r a n s m i s s i o n  u n d e r  
a Z e i s s  m i c r o s c o p e  s o  t h a t  t h e  p a t h  o f  a  t r a n s v e r s e  f r a c t u r e  ( 90°
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u n i d i r e c t i o n a l  s p e c i m e n s )  o r  a t r a n s v e r s e  c r a c k  [ ( 0 , 90) s  s p e c i m e n s ]  c o u l d  be  
s t u d i e d  i n  d e t a i l .
( b )  S c a n n i n g  e l e c t r o n  m i c r o s c o p y
T h e  f r a c t u r e  s u r f a c e s  o f  t r a n s v e r s e  f a i l u r e s  w e r e  e x a m i n e d  u n d e r  a  s c a n n i n g  
e l e c t r o n  m i c r o s c o p e  ( C a m b r i d g e  S 100) t o  o b t a i n  d e t a i l s  o f  t h e  mo d e  o f  f a i l u r e  
a n d  l o c a l i s e d  d e f o r m a t i o n .  T h e  s p e c i m e n s  w e r e  m o u n t e d  o n  s t a n d a r d  a l u m i n i u m  
s t u b s  w i t h  " D u r a f i x "  g l u e .  As  w i t h  a l l  n o n - c o n d u c t i n g  s p e c i m e n s  f o r
e x a m i n a t i o n  u n d e r  a n  e l e c t r o n  m i c r o s c o p e ,  t h e  s u r f a c e s  had  t o  be  c o a t e d  w i t h  
a c o n d u c t i v e  c o a t i n g  ( g o l d - p a l l a d i u m  a l l o y ,  i n  t h i s  c a s e )  t o  p r e v e n t  c h a r g i n g  
o f  t h e  s u r f a c e .  T h e  s p e c i m e n s  w e r e  s p u t t e r - c o a t e d  o v e r  s h o r t  s u c c e s s i v e  t i m e
i n t e r v a l s  (1 m i n . )  t o  p r e v e n t  t h e  s p e c i m e n  f r o m  h e a t i n g  u p .  A c o n d u c t i n g
p a t h  f r o m  t h e  s p e c i m e n  s u r f a c e  t o  t h e  a l u m i n i u m  s t u b  w a s  p a i n t e d  u s i n g  s i l v e r  
c o l l o i d a l  p a i n t .
3 .4 -Q uantitative Measurement o f  Stress-w hiten ing
3 .4 .1 . Preliminary te s t s
S t r e s s - w h i t e n i n g  i s  a t e r m  a p p l i e d  t o  a n  o p t i c a l  e f f e c t  r e s u l t i n g  f r o m  a
c h a n g e  i n  t h e  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  l a m i n a t e ,  a s  a r e s u l t  o f  
t h e  a p p l i c a t i o n  o f  s t r e s s .  I t  i s  g e n e r a l l y  u s e d  i n  c o n n e c t i o n  w i t h
t h e r m o p l a s t i c s  t o  d e s c r i b e  a n  e f f e c t  r e s u l t i n g  f r o m  t h e  s c a t t e r i n g  o f  l i g h t ,  
c a u s e d  by  m i c r o s c o p i c  v o i d s  s u c h  a s  c r a z e s ,  g e n e r a t e d  d u r i n g  p l a s t i c
d e f o r m a t i o n .  In  g l a s s / e p o x y  l a m i n a t e s ,  g i v e n  t h e  a b s e n c e  o f  c r a z e s ,  s u c h  an  
e f f e c t  c a n  r e s u l t  f r o m  t h e  p r e s e n c e  o f  s m a l l  c r a c k s  o f  t h e  o r d e r  o f  t h e
w a v e l e n g t h  o f  v i s i b l e  l i g h t .  D i r e c t  p h o t o m e t r y  d u r i n g  a t e n s i l e  t e s t  w a s ,  
t h e r e f o r e ,  c h o s e n  f o r  t h e  m e a s u r e m e n t  o f  t h i s  e f f e c t .  T h e  m e a s u r e m e n t
r e q u i r e d  a p h o t o m e t r i c  s y s t e m  c o n s i s t i n g  o f  a f i x e d  i n t e n s i t y  l i g h t  s o u r c e ,  a 
p h o t o d e t e c t o r ,  a n  a m p l i f y i n g  c i r c u i t  a n d  a c h a r t  r e c o r d e r .  T he  p h o t o d e t e c t o r  
h a d  t o  b e  p o s i t i o n e d  o n  o r  n e a r  t h e  s p e c i m e n  t o  c o n t i n u o u s l y  m o n i t o r  t h e  
c h a n g e  i n  i n t e n s i t y  (WnT2 ) o f  a  f i x e d  i n t e n s i t y  o f  l i g h t  p a s s e d  t h r o u g h  t h e
s p e c i m e n .  I t  c o u l d  b e  p o s i t i o n e d  t o  m o n i t o r  t h e  a t t e n u a t i o n  i n  i n t e n s i t y  o f
t h e  m a i n  e m e r g e n t  b e a m ,  i n  t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  b e a m ,  o r  t h e
i n c r e a s e  i n  i n t e n s i t y  o f  l i g h t  s c a t t e r e d  a t  a n  a n g l e  t o  t h e  i n c i d e n t  bea m a s  
t h e  s p e c i m e n  s t r e s s - w h i t e n e d .
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I n i t i a l  t r i a l s  w e r e  c o n d u c t e d  u s i n g  a  s i m p l e  p h o t o d i o d e  -  a  s e m i c o n d u c t o r  
d e v i c e  w h o s e  v o l t a g e  o u t p u t  i s  kn own  t o  b e  r e l a t e d  t o  t h e  i n t e n s i t y  o f  l i g h t  
f a l l i n g  on  i t s  s e n s i t i v e  a r e a .  M e a s u r e m e n t s  w e r e  ma d e  i n  t h e  t w o  
t r a n s m i s s i o n  m o d e s  s h o w n  i n  F i g u r e  3 . 13. In  mo de  1 , t h e  p h o t o s e n s i t i v e  
d e v i c e  w a s  e n c a s e d  i n  a b l a c k  r u b b e r  g r o m m e t  a t t a c h e d  t o  t h e  w i d e  f a c e  o f  t h e  
s p e c i m e n  w i t h  an  e p o x y  a d h e s i v e .  A v a r i a b l e  i n t e n s i t y  h a l o g e n  l a m p  w a s  u s e d  
a s  t h e  l i g h t  s o u r c e  a n d  t h e  l i g h t  w a s  g u i d e d  i n t o  a s e c o n d  g r o m m e t  o n  t h e  
o p p o s i t e  s i d e  o f  t h e  s p e c i m e n  u s i n g  a  f i b r e  o p t i c  c a b l e .  T he  p h o t o d i o d e  w a s  
c o n n e c t e d  t o  a n  a m p l i f y i n g  c i r c u i t  w h o s e  o u t p u t  w a s  u s e d  t o  d r i v e  t h e  s e c o n d  
Y ' - a x i s  o f  a n  X - Y - Y1 c h a r t  r e c o r d e r .  T h e  f i r s t  Y - a x i s  a nd  t h e  X - a x i s  w a s  
u s e d  t o  r e c o r d  t h e  l o a d  a n d  t h e  l o n g i t u d i n a l  s t r a i n  i n  t h e  u s u a l  w a y .  T h e  
s p e c i m e n  w a s  p o s i t i o n e d  i n  t h e  g r i p s  o f  a n  1175 I n s t r o n  t e n s i l e  t e s t i n g  
m a c h i n e .  A t e n s i l e  t e s t  w a s  t h e n  c a r r i e d  o u t  i n  t h e  u s u a l  m a n n e r  b u t  i n  
d a r k n e s s .  T he  r e s u l t s  o b t a i n e d  u s i n g  t h i s  a r r a n g e m e n t  a r e  s h o w n  i n  F i g u r e
3.14 f o r  a 0 . 5% BDMA l a m i n a t e  w i t h  a  t h i n  i n n e r  90° p l y ,  2d ,  o f  0.5 mm ( o u t e r
0° p l i e s ,  b ,  o f  0.8 mm ) .  T h i s  s h o w s  t h e  p h o t o d e t e c t o r  o u t p u t  an d  l o a d
a s  a  f u n c t i o n  o f  a p p l i e d  s t r a i n .
I t  w a s  c l e a r  f r o m  t h e s e  r e s u l t s  t h a t  t h e  l e v e l  o f  l i g h t  c h a n g e s  b e i n g  
m o n i t o r e d  w e r e  l o w  a n d  t h e  a m p l i f y i n g  c i r c u i t  w a s  o p e r a t i n g  a t  i t s  l i m i t .  
The  s i g n a l  t o  n o i s e  r a t i o  w a s  h i g h  a nd  t h e  r e s u l t s  w e r e  a l s o  d i f f i c u l t  t o  
i n t e r p r e t .  T h i s  m e t h o d  w a s  s e e n  t o  c o n t a i n  i n h e r e n t  c o m p l e x i t i e s  s u c h  a s  t h e  
p r e s e n c e  o f  a r a n g e  o f  w a v e l e n g t h s  a s  a w h i t e  l i g h t  s o u r c e  w a s  u s e d .  I t  w a s  
p r o p o s e d  t h a t  a b e t t e r  r e s u l t  c o u l d  b e  a c h i e v e d  b y  i m p r o v i n g  t h e  a m p l i f y i n g  
c i r c u i t  and  by  e x p e r i m e n t i n g  w i t h  o t h e r  m o r e  e f f i c i e n t  l i g h t  s e n s i t i v e  
d e v i c e s  s u c h  a s  p h o t o r e s i s t o r s  a n d  p h o t o t r a n s i s t o r s .  A l t e r n a t i v e  
m o n o c h r o m a t i c  l i g h t  s o u r c e s  w e r e  a l s o  s o u g h t  s i n c e  t h e  s p e c i m e n  h a d  e a r l i e r  
s h o w n  s o m e  c o l o u r  c h a n g e s .
T h e  p o s s i b i l i t y  o f  u s i n g  a c o m m e r c i a l l y  a v a i l a b l e  s c a n n i n g  m o n o c h r o m a t o r  u n i t  
w a s  i n v e s t i g a t e d .  T h i s  d e v i c e  w o r k e d  o n  t h e  p r i n c i p l e  o f  a r o t a t i n g  
d i f f r a c t i o n  g r a t i n g  w h i c h  w a s  a b l e  t o  r e s o l v e  w a v e l e n g t h s  i n  t h e  v i s i b l e  
r e g i o n  o f  t h e  e l e c t r o m a g n e t i c  s p e c t r u m .  T h e  d y n a m i c  r a n g e  o f  t h i s  d e v i c e  w a s  
n o t  s u f f i c i e n t  f o r  t h e  p u r p o s e s  o f  a c c u r a t e l y  m o n i t o r i n g  t h e  c o l o u r  c h a n g e s  
o r  s t r e s s - w h i t e n i n g .  U s e  w a s  made  o f  c o l o u r  f i l t e r s  t o  p r o v i d e  a  n a r r o w  b a n d  
o f  r a d i a t i o n .  E x p e r i m e n t s  w e r e  a l s o  d o n e  w i t h  a n  i n f r a  r e d  e m i t t e r  a n d  
r e c e i v e r .  None  o f  t h e s e  m e t h o d s ,  h o w e v e r ,  p r o v i d e d  s a t i s f a c t o r y  r e s u l t s .  A 
N e - H e  LASER w a s  c o n s i d e r e d  a t  t h i s  s t a g e  b u t  i n  b o t h  m o d e s  1 a n d  2 ( F i g u r e
3 . 13) ,  i t  l e d  t o  t h e  s a t u r a t i o n  o f  t h e  p h o t o s e n s i t i v e  d e v i c e s  a t  t h e  s t a r t  o f  
t h e  t e s t .
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An i m p r o v e d  e l e c t r o n i c  c i r c u i t  w h i c h  c o u l d  c o n v e r t  c u r r e n t  r e c e i v e d  f r o m  a  
p h o t o t r a n s i s t o r  t o  v o l t a g e  i n  a  r a n g e  o f  s e n s i t i v i t i e s  f r o m  50V /A  t o  5V/mA  
a n d  a m p l i f y  i t  w i t h  a s e l e c t a b l e  g a i n  o f  1 t o  500 w a s  d e s i g n e d  a n d  b u i l t  i n  
t h e  M a t e r i a l s  S c i e n c e  a n d  E n g i n e e r i n g  D e p a r t m e n t  a t  t h e  U n i v e r s i t y .  A b l o c k  
d i a g r a m  o f  t h e  c i r c u i t  i s  s h o w n  i n  F i g u r e  3.15 ( a )  a n d  a f u l l  d e t a i l e d  
c i r c u i t  d i a g r a m  i s  p r o v i d e d  i n  a p p e n d i x  1. T h e  a m p l i f y i n g  c i r c u i t  w a s  h o u s e d  
a s  a s i n g l e  u n i t  r e f e r r e d  t o  a s  t h e  p h o t o m e t e r ,  F i g u r e  3.15 ( b ) ) .  F o r
e x p e r i m e n t a t i o n  i n  mo de  2 , a p h o t o t r a n s i s t o r  w a s  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  
p h o t o m e t e r .  A s p e c i a l  c l a m p  w a s  d e s i g n e d  t o  l o c a t e  t h e  l i g h t  s o u r c e  a n d  t h e  
p h o t o t r a n s i s t o r .  T h e  e d g e s  o f  t h e  s p e c i m e n  w e r e  p o l i s h e d  t o  m i n i m i s e  l i g h t  
s c a t t e r  d u e  t o  t h e  s u r f a c e  r o u g h n e s s  o f  t h e  e d g e s .  T h e  c l a m p  w a s  d e s i g n e d  s o  
t h a t  a n  o p t i c  f i b r e  c a b l e  c o u l d  b e  g u i d e d  a n d  b r o u g h t  i n t o  c o n t a c t  w i t h  a  0.8 
mmg a r e a  o f  t h e  90° p l y  o n  t h e  e d g e  o f  t h e  s p e c i m e n ,  w h i l e  a p h o t o t r a n s i s t o r  
w h i c h  h a d  a s e n s i t i v e  a r e a  o f  a b o u t  0.8 mm^ c o u l d  be  p o s i t i o n e d  a t  t h e
o p p o s i t e  e d g e  o f  t h e  s p e c i m e n ,  F i g u r e  3 . 16. A p h o t o t r a n s i s t o r  i s
a p p r o x i m a t e l y  100 t o  1000 t i m e s  m o r e  s e n s i t i v e  t h e n  a p h o t o d i o d e .  T he  
p h o t o t r a n s i s t o r  w a s  c o n n e c t e d  t o  t h e  p h o t o m e t e r  w h o s e  o u t p u t  v o l t a g e  w a s  u s e d  
t o  d r i v e  t h e  s e c o n d  Y ' - a x i s  o f  a n  X - Y - Y 1 c h a r t  r e c o r d e r  w h i l e  t h e  f i r s t  
Y - a x i s  w a s  u s e d  t o  r e c o r d  t h e  l o a d  o n  t h e  s p e c i m e n  a n d  t h e  X - a x i s  m o n i t o r e d  
t h e  l o n g i t u d i n a l  s t r a i n  i n  t h e  u s u a l  w a y .  T he  r e s u l t s  o b t a i n e d  i n  m o d e  2 f o r  
a ( 0 , 90) s  s p e c i m e n  w i t h  a t h i n  ( 0.5 mm) i n n e r  90° p l y  a r e  sh o w n  i n  F i g u r e
3 . 17.
A l t h o u g h  s o m e  n o i s e  w a s  s t i l l  a p p a r e n t  i n  t h e  t r a c e  s h o w n  i n  F i g u r e  3 . 17,  t h e  
r e s u l t s  w e r e  g r e a t l y  i m p r o v e d  w i t h  t h e  u s e  o f  t h e  n e w  a m p l i f y i n g  c i r c u i t .  
T h e  t r a c e  w h i c h  s h o w s  t h e  i n t e n s i t y  o f  t r a n s m i t t e d  l i g h t  a nd  l o a d  a s  a
f u n c t i o n  o f  a p p l i e d  s t r a i n  h a s  t h r e e  c h a r a c t e r i s t i c  r e g i o n s .  F i r s t l y  an
i n c r e a s e  i n  t h e  l e v e l  o f  t h e  t r a n s m i t t e d  l i g h t  i s  o b s e r v e d  a s  t h e  s t r a i n
i s  i n c r e a s e d  s u g g e s t i n g  a n  i m p r o v e m e n t  i n  t h e  t r a n s m i s s i o n  o f  l i g h t  f r o m  o n e  
e d g e  t o  t h e  o t h e r .  T h i s  i n c r e a s e  i s  t h e n  f o l l o w e d  b y  a p l a t e a u  d e s p i t e  t h e  
i n c r e a s e  i n  s t r a i n .  A s u d d e n  d e c r e a s e  i n  t h e  d e t e c t e d  l i g h t  i s  t h e n
o b s e r v e d .  T he  d e c r e a s e  i n  l i g h t  d i d  n o t  c o i n c i d e  e x a c t l y  w i t h  t h e  s t r a i n  
a t  w h i c h  s t r e s s - w h i t e n i n g  w a s  o b s e r v e d  b u t  o c c u r r e d  l a t e r .  I n  a d d i t i o n  t o  
t h e  c o m p l e x  n a t u r e  o f  t h e  t r a c e  a f u r t h e r  p r o b l e m  w a s  t h e i r  l a c k  o f
r e p r o d u c i b i l i  t y .
C o m p a r e ,  f o r  e x a m p l e ,  t h e  r e s u l t  o b t a i n e d  f o r  a s e c o n d  s p e c i m e n  f r o m  t h e  sa m e  
l a m i n a t e ,  a s  s h o w n  i n  F i g u r e  3 . 18,  w i t h  t h a t  s h o w n  i n  F i g u r e  3 . 17. A l t h o u g h  
t h e  g e n e r a l  f o r m  o f  t h e  t r a c e s  i s  s i m i l a r ,  t h e  v a r i a b i l i t y  w a s  d i f f i c u l t  t o
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i n t e r p r e t .  T h e  n e e d  f o r  a  s i m p l e  a n d  r e p r o d u c i b l e  m e t h o d  l e d  t o  t h e  
d e v e l o p m e n t  o f  t h e  o f f - a x i s  LASER d i f f r a c t i o n  t e c h n i q u e  w h i c h  i s  d i s c u s s e d  i n  
s e c t i o n  3 . 4 . 2 .
3 .4 .2 . The o ff -a x is  LASER d if fr a c t io n  technique.
T h e  o f f - a x i s  LASER d i f f r a c t i o n  m e t h o d  w a s  f o u n d  t o  g i v e  t h e  m o s t  r e p r o d u c i b l e  
r e s u l t s  on  t h e  q u a n t i t a t i v e  m e a s u r e m e n t  a n d  d e v e l o p m e n t  o f  l o w  s t r a i n  d a m a g e  
i n  t h e  g l a s s  f i b r e / e p o x y  s p e c i m e n s .  T h e  r e s u l t s  c o r r e l a t e d  w i t h  b o t h  t h e
v i s u a l  e f f e c t  o f  s t r e s s - w h i t e n i n g  a n d  m i c r o s c o p i c  o b s e r v a t i o n s  o f  c r a c k i n g  i n
t h e  90° p l y .  T h e  p r i n c i p a l  e x p e r i m e n t a l  a r r a n g e m e n t  i s  s h o w n  i n  F i g u r e  3.19
( a ) .  I n  t h i s  m e t h o d  a  5 mW N e - H e  LASER be am ( w a v e l e n g t h  = 632.8 nm) w a s
p r o j e c t e d  o n t o  t h e  s u r f a c e  o f  t h e  s p e c i m e n  a t  an  a n g l e  o f  45° t o  t h e  t e n s i l e
a x i s  a s  sh o w n  i n  t h e  s c h e m a t i c  d i a g r a m ,  F i g u r e  3.19 ( b ) ,  A p h o t o t r a n s i s t o r  
w a s  p o s i t i o n e d  b e h i n d  t h e  s p e c i m e n  a t  90° t o ,  a n d  i n  t h e  s a m e  v e r t i c a l  p l a n e  
a s ,  t h e  i n c i d e n t  b e a m .  T h e  p h o t o t r a n s i s t o r  w a s  a t t a c h e d  t o  t h e  s p e c i m e n .  
T h e  p h o t o d e t e c t o r  h o u s i n g  i s  s h o w n  i n  F i g u r e  3 . 19( c )  i n  p o s i t i o n  on  t h e  
s p e c i m e n .  T he  p o s i t i o n  o f  t h e  d e t e c t o r  c o u l d  b e  v a r i e d  f r o m  t h e  90° p o s i t i o n  
t o  a n y  p o i n t  on  a n  a r c  d e s c r i b e d  b y  a r m s  'A '  a n d  ' B ' o n  t h e  h o u s i n g  w h i c h
w e r e  o f  e q u a l  l e n g t h .  T h e  m a j o r i t y  o f  t e s t s  w e r e  p e r f o r m e d  w i t h  t h e
p h o t o d e t e c t o r  f i x e d  a t  90° t o  t h e  i n c i d e n t  b e a m ,  p o s i t i o n  1 . Some  t e s t s  w e r e  
c a r r i e d  o u t  t o  s t u d y  t h e  e f f e c t  o f  v a r y i n g  t h e  a n g u l a r  p o s i t i o n  o f  t h e  
d e t e c t o r .  T he  a n g u l a r  p o s i t i o n s  s c a n n e d  a r e  sh o w n  i n  F i g u r e  3 . 19( d ) .  T he  
v o l t a g e  o u t p u t  f r o m  t h e  p h o t o t r a n s i s t o r ,  w h i c h  w a s  p r o p o r t i o n a l  t o  t h e
i n t e n s i t y  o f  l i g h t ,  w a s  f e d  t o  t h e  p h o t o m e t e r  ( a m p l i f y i n g  c i r c u i t )  w h i c h  i n  
t u r n  w a s  u s e d  t o  d r i v e  t h e  Y ' a x i s  o f  a n  X Y Y' c h a r t  r e c o r d e r .  T h e  a n g l e  o f  
i n c i d e n c e  o f  t h e  LASER c o u l d  a l s o  b e  v a r i e d  a n d  s o  d i f f r a c t i o n  p a t t e r n s  w e r e  
r e c o r d e d  w i t h  t h e  LASER a t  b o t h  90° a n d  45° t o  t h e  s p e c i m e n .  F i g u r e  3 . 19( b )  
s h o w s  t h e  t w o  o r i e n t a t i o n s  o f  t h e  LASER b ea m  w i t h  r e s p e c t  t o  t h e  s p e c i m e n  a t  
w h i c h  d i f f r a c t i o n  p a t t e r n s  w e r e  r e c o r d e d .  T h e  p a t t e r n s  o b t a i n e d  a r e  
d i s c u s s e d  i n  s e c t i o n  5.3 ( a ) .
A t  t h e  s t a r t  o f  t h e  t e n s i l e  t e s t  w h e n  t h e r e  i s  l i t t l e  d a m a g e  i n  t h e  s p e c i m e n  
t h e  m a j o r i t y  o f  t h e  b ea m  i s  t r a n s m i t t e d  s t r a i g h t  t h r o u g h  t h e  s p e c i m e n  a n d  
l i t t l e  o r  n o  l i g h t  r e a c h e s  t h e  d e t e c t o r .  As  t h e  s p e c i m e n  b e g i n s  t o  d e v e l o p  
d a m a g e ,  a nu mb er  o f  g a p s  o r  i n t e r f a c e s  d e v e l o p  w h i c h  i n t e r f e r e  w i t h  t h e  
p a s s a g e  o f  l i g h t .  As  a  r e s u l t ,  t h e  l i g h t  i s  d i f f r a c t e d  a n d  i s  a b l e  t o  r e a c h  
t h e  d e t e c t o r .  T h i s  e f f e c t  c a n  b e  d i r e c t l y  o b s e r v e d  b y  p o s i t i o n i n g  a  s c r e e n  
b e h i n d  t h e  s p e c i m e n  t o  s h o w  t h e  c h a n g e  i n  t h e  d i f f r a c t i o n  p a t t e r n  a s  t h e  
s p e c i m e n  i s  l o a d e d .  A t  t h e  b e g i n n i n g  o f  t h e  t e n s i l e  t e s t ,  a  s m a l l  d i f f u s e
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s p o t  i s  o b s e r v e d  on  t h e  s c r e e n  a t  a  p o s i t i o n  c o r r e s p o n d i n g  t o  t h a t  o f  t h e  
t r a n s m i t t e d  LASER b e a m .  When t h e  s p e c i m e n  i s  l o a d e d ,  t h e  LASER b ea m  i s  
d i f f r a c t e d  a n d  a v e r t i c a l  b a n d  o f  l i g h t  i s  o b s e r v e d  on  t h e  s c r e e n ,  s e e  
s e c t i o n  5.3 ( a ) .  T he  b a n d  c o n t i n u e s  t o  i n c r e a s e  i n  l e n g t h  a n d  i n t e n s i t y
w i t h  i n c r e a s i n g  s t r a i n ,  d e p i c t i n g  t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e  d i f f r a c t e d  
l i g h t .  A t y p i c a l  t r a c e  o f  t h e  c h a n g e  i n  t h e  i n t e n s i t y  o f  d e t e c t e d  T i g h t  
( w i t h  t h e  d e t e c t o r  f i x e d  a t  90° t o  t h e  i n c i d e n t  beam a n d  t h e  LASER a t  45° t o  
t h e  s p e c i m e n )  a s  a  f u n c t i o n  o f  t h e  l o n g i t u d i n a l  s t r a i n  i s  s h o w n  i n  F i g u r e  
3.20 w h i c h  a l s o  s h o w s  t h e  l o a d  o n  t h e  s p e c i m e n  a s  a f u n c t i o n  o f  s t r a i n .
3 .4 .3 .The r e v e r s ib il ity  o f  s tress-w h iten in g .
R e s u l t s  on  t h e  o b s e r v a t i o n  o f  s t r e s s - w h i t e n i n g  i n  t h e  l a m i n a t e  h a d  a l r e a d y  
i n d i c a t e d  t h a t  t h e  s t r e s s - w h i t e n i n g  e f f e c t  w a s  r e v e r s i b l e  a f t e r  
h e a t - t r e a t m e n t  f o r  30 m i n s .  a t  100° C .  An e x p e r i m e n t  w a s ,  t h e r e f o r e ,  
u n d e r t a k e n  t o  i n v e s t i g a t e  t h i s  r e v e r s i b l e  e f f e c t  u s i n g  t h e  o f f - a x i s  LASER 
d i f f r a c t i o n  m e t h o d .  A l o w  c u r e  ( 0 . 5% BDMA a c c e l e r a t o r  l e v e l ) ,  t h i n  ( 0.5 mm) 
90° p l y ,  c r o s s - p l y  s p e c i m e n  w a s  t e s t e d  i n  t e n s i o n  i n  c o n j u n c t i o n  w i t h  t h e  
o f f - a x i s  LASER d i f f r a c t i o n  m e t h o d .  T h e  s p e c i m e n  w a s  s t r a i n e d  u n t i l  s t r e s s  
w h i t e n i n g  w a s  o b s e r v e d  a n d  t h e n  u n l o a d e d  a n d  r e m o v e d  f r o m  t h e  g r i p s .  I t  w a s  
t h e n  h e a t - t r e a t e d  a t  120°C f o r  20 m i n s ,  a n d  a l l o w e d  t o  c o o l  an d  t h e n  r e - t e s t e d  
a s  d e s c r i b e d  a b o v e .  T h i s  p r o c e d u r e  w a s  r e p e a t e d  4 t i m e s .  A f i f t h  a n d  f i n a l  
h e a t - t r e a t m e n t  w h e r e  t h e  s p e c i m e n  w a s  h e a t e d  a t  120°C f o r  12 h o u r s  w a s  t h e n  
g i v e n  t o  t h e  s p e c i m e n  a n d  t h e  s p e c i m e n  w a s  r e - t e s t e d ,  a f t e r  c o o l i n g  t o  roo m  
t e m p e r a t u r e .
Any  c h a n g e  i n  t h e  g l a s s  t r a n s i t i o n  o r  s t r e s s - f r e e  t e m p e r a t u r e s  o f  t h e  
s p e c i m e n  w a s  i n v e s t i g a t e d  a t  t h e  s a m e  t i m e  by  i n c l u d i n g  s p e c i m e n s  f o r  DMTA 
a n a l y s i s  d u r i n g  e a c h  h e a t - t r e a t m e n t .  A t o t a l  o f  6 DMTA s p e c i m e n s  w e r e ,  
t h e r e f o r e ,  t e s t e d .  T he  f i r s t  s p e c i m e n  h a d  n o  h e a t - t r e a t m e n t  w h i l e  t h e  s i x t h  
s p e c i m e n  h a d  b e e n  h e a t - t r e a t e d  5 t i m e s  ( i . e .  i t  r e c e i v e d  a t o t a l  o f  13 h o u r s  
a n d  10 m i n s .  a t  120° C . )  A s l i g h t l y  h i g h e r  t e m p e r a t u r e  ( 120°C c o m p a r e d  t o  
100°C f o r  e a r l i e r  w o r k )  w a s  u s e d  i n  o r d e r  t o  a c c e l e r a t e  t h e  e f f e c t s  o f  a n y  
c u r i n g  p r o c e s s e s  w h i c h  may  b e  o c c u r r i n g .  T h e  e f f e c t  o f  i n c r e a s i n g  t i m e  o f  
h e a t - t r e a t m e n t  o n  t h e  r e v e r s i b i l i t y  o f  s t r e s s - w h i t e n i n g  a n d  t h e  r o l e  o f  t h e  
c u r i n g  p r o c e s s e s  o f  t h e  r e s i n  w e r e  i n v e s t i g a t e d  u s i n g  t h e  a b o v e  m e t h o d s .
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( a )  E p i k o t e  828 r e s i n  -  d i g l y c i d y l  e t h e r  o f  b i s p h e n o l - A  (D G E B A) .
( b )  E p i k o t e  NMA -  n a d i c  m e t h y l  a n h y d r i d e  (NMA)
H
H
C — ■ N
ft CH,
CH
( c )  B e n z y l  d i m e t h y l  a m i n e  (BDMA)
( d )  C u r e d  e p o x y  r e s i n .
F i g u r e  3 . 1 . C h e m i c a l  s t r u c t u r e  o f  ( a )  r e s i n  ( b )  h a r d e n e r  ( c )  a c c e l e r a t o r  an d  
( d )  c u r e d  e p o x y  m a t r i x .
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F i g u r e  3 . 2 . F i l a m e n t  w i n d i n g  a p p a r a t u s  s h o w i n g  g l a s s  f i b r e  r o v i n g  b e i n g  w o u n d  
on  a n  o p e n  s q u a r e  m e t a l  f r a m e .
Figure 3 .3 .  Schematic diagram showing laminating lay-up in vacuum box.
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F i g u r e  3.4 ( a )  S c h e m a t i c  i l l u s t r a t i o n  o f  t e n s i l e  t e s t  s p e c i m e n  w i t h  e n d  t a g s  
a n d  s t r a i n  g a u g e .
Applied Strain
F i g u r e  3.4 ( b )  S c h e m a t i c  d i a g r a m  i l l u s t r a t i n g  t h e  m e a s u r e m e n t  o f  s e c a n t  
m o d u l i  f r o m  a s t r e s s / s t r a i n  d i a g r a m .
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Temperature ( ° C)  —
F i g u r e  3 . 5 . S c h e m a t i c  d i a g r a m  s h o w i n g  t y p i c a l  t r a c e s  o b t a i n e d  d u r i n g  d y n a m i c  
m e c h a n i c a l  t h e r m a l  a n a l y s i s .  Tg i s  t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e ,  TI  
a p p r o x i m a t e s  t o  t h e  s t r e s s - f r e e  t e m p e r a t u r e .
F i g u r e  3 . 6 . P l a n e  s t r a i n  c o m p r e s s i o n  r i g  f o r  t h e  m e a s u r e m e n t  o f  y i e l d  s t r e s s  
( a f t e r  W i l l i a m s  a n d  F o r d  [ 78] ) .
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F i g u r e  3 . 7 . T y p i c a l  t r a c e  o f  l o a d  a g a i n s t  c r o s s - h e a d  m o v e m e n t  o b t a i n e d  d u r i n g  
a p l a n e  s t r a i n  c o m p r e s s i o n  t e s t .  T h e  d i s c o n t i n u i t i e s  i n  t h e  t r a c e  a r e  t h e  
r e s u l t  o f  t e n s i l e  c r a c k s  w h i c h  o r i g i n a t e d  o u t s i d e  t h e  c o m p r e s s i o n  r e g i o n .
Oy i s  t h e  y i e l d  s t r e s s  o f  t h e  r e s i n .
Crosi-head movement (mm)
F i g u r e  3 . 8 . T y p i c a l  t r a c e  o f  l o a d  a g a i n s t  c r o s s - h e a d  m o v e m e n t  o b t a i n e d  d u r i n g  
u n i a x i a l  c o m p r e s s i o n  o f  r e s i n  c y l i n d e r s .  Oy i s  t h e  y i e l d  s t r e s s .
-  64 -
F i g u r e  3 . 9 . M e a s u r e m e n t  o f  r e f r a c t i v e  i n d e x  u s i n g  t h e  r e a l  a n d  a p p a r e n t  d e p t h  
m e t h o d  w h e r e ,  OM i s  t h e  r e a l  d e p t h  o f  t h e  o b j e c t  u n d e r  t h e  r e s i n  b l o c k ,  IM i s  
t h e  a p p a r e n t  d e p t h  an d  T i s  t h e  g r a d u a t e d  s c a l e  o f  a t r a v e l l i n g  m i c r o s c o p e .
F i g u r e  3 . 10. O b l i q u e  i l l u m i n a t i o n  c o n d i t i o n s  f o r  c o l o u r  p h o t o g r a p h y  w i t h  a 
b l a c k  s c r e e n  p o s i t i o n e d  b e h i n d  t h e  s p e c i m e n .
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F i g u r e  3 . 11. E x p e r i m e n t a l  s e t - u p  f o r  m a c r o - p h o t o g r a p h y  d u r i n g  t e n s i l e  t e s t i n g  
s h o w i n g  t h e  Z e i s s  T e s s o v a r  z o o m  s y s t e m  a n d  t h e  h a l o g e n  l i g h t  s o u r c e  b e h i n d  
t h e  s p e c i m e n .
F i g u r e  3 . 12. S t r a i n i n g  s t a g e  i n  p o s i t i o n  o n  a p h o t o - m i c r o s c o p e  s t a g e  s h o w i n g  
a s m a l l  s p e c i m e n  w i t h  a t t a c h e d  s t r a i n  g a u g e ,  h e l d  i n  t h e  g r i p s .
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F i g u r e  3 . 13. S c h e m a t i c  i l l u s t r a t i o n  s h o w i n g  l i g h t  t r a n s m i s s i o n  m o d e s  1 a n d  2 
w i t h  r e s p e c t  t o  t h e  ( 0 , 90) s  l a m i n a t e  a n d  t h e  l o a d i n g  a x i s .
Applied Strain (%)
F i g u r e  3 . 14. T y p i c a l  r e s u l t  s h o w i n g  t r a n s m i t t e d  l i g h t  i n  t e r m s  o f  m i l l i v o l t s  
a n d  l o a d ,  a s  a f u n c t i o n  o f  s t r a i n  i n  m o d e  1 f o r  a  ( 0 , 90) s  l a m i n a t e  (0 . 5% 
BDMA) w i t h  a n  i n n e r  90° p l y  t h i c k n e s s ,  2d ,  o f  0.5 mm a n d  o u t e r  0 ° p l i e s ,  b ,  
o f  0.8 m m ) .
-  67 -
F i g u r e  3.15 ( a ) .  B l o c k  c i r c u i t  d i a g r a m  s h o w i n g  t h e  m a i n  c o m p o n e n t s  o f  t h e  
a m p l i f i e r  ( p h o t o m e t e r ) ,  s e e  a l s o  a p p e n d i x  1 .
Figure 3.15 (b) .  The photometer connected to the p h o to t r a n s i s to r .
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F i g u r e  3 . 16. T r a n s m i s s i o n  c l a m p  d e s i g n e d  t o  h o l d  t h e  p h o t o t r a n s i s t o r  a t  o n e  
e n d  a n d  t h e  l i g h t  g u i d e  a t  t h e  o t h e r  ( m o d e  2) .
Applied Strain {%)
F i g u r e  3 . 17. L i g h t  d e t e c t e d ,  i n  t e r m s  o f  m i l l i v o l t s ,  a n d  l o a d  a s  a f u n c t i o n  
o f  s t r a i n  f o r  a s p e c i m e n  f r o m  a 0 . 5% BDMA ( 0 , 90) s  l a m i n a t e  w i t h  an  i n n e r  
90° p l y  t h i c k n e s s ,  2d ,  o f  0.5 mm, a n d  o u t e r  0° p l y  t h i c k n e s s ,  b ,  o f  0.8 mm 
(m o d e  2 ) .  ^
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F i g u r e  3 . 18. L i g h t  d e t e c t e d ,  i n  t e r m s  o f  m i l l i v o l t s ,  a n d  l o a d  a s  a f u n c t i o n  
o f  s t r a i n  f o r  a s p e c i m e n  f r o m  a 0 . 5% BDMA ( 0 , 90) s  l a m i n a t e  w i t h  a n  i n n e r  
90° p l y  t h i c k n e s s , 2d ,  o f  0.5 mm a n d  o u t e r  0 ° p l y  t h i c k n e s s ,  b ,  o f  0.8 mm 
( m o d e  2) .
F i g u r e  3 . 19( a ) .  E x p e r i m e n t a l  a r r a n g e m e n t  o f  t h e  o f f - a x i s  LASER d i f f r a c t i o n  
t e c h n i q u e  s h o w i n g  LASER a t  45° t o  t h e  s p e c i m e n .
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F i g u r e  3 . 19( b ) .  S c h e m a t i c  d i a g r a m  o f  t h e  e x p e r i m e n t a l  a r r a n g e m e n t  o f  t h e  
LASER d i f f r a c t i o n  t e c h n i q u e ,  s h o w i n g  t h e  p o s i t i o n s  a t  w h i c h  d i f f r a c t i o n  
p a t t e r n s  w e r e  o b t a i n e d  ( 90° an d  45° t o  t h e  s p e c i m e n ) .
F i g u r e  3 . 19( c ) .  P h o t o d e t e c t o r  h o u s i n g  i n  p o s i t i o n  on  s p e c i m e n  s h o w i n g  ar ms  
"A" a n d  "B " .
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position
F i g u r e  3 . 19( d ) .  S c h e m a t i c  d i a g r a m  s h o w i n g  a n g u l a r  p o s i t i o n s  o f  t h e  
p h o t o d e t e c t o r  a t  w h i c h  l i g h t  i n t e n s i t y  w a s  m o n i t o r e d .
CU□
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F i g u r e  3 . 20 . T y p i c a l  t r a c e s  o f  l i g h t  d e t e c t e d ,  i n  t e r m s  o f  m i l l i v o l t s ,  a n d  
l o a d  a s  a f u n c t i o n  o f  a p p l i e d  s t r a i n  o b t a i n e d  w i t h  t h e  LASER a t  45° t o  t h e  
s p e c i m e n  an d  p h o t o d e t e c t o r  i n  p o s i t i o n  1 ( s e e  F i g u r e  3 . 19( d ) ) .
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Medium G r a d e R . P . M . P r e s s u r e
(N)
T i m e
( m i n )
L u b r i c a n t
S iC 500 150 60 1 wa t e r
S i C 1000 150 60 1 w a t e r
S iC 2400 150 60 1 w a t e r
S i t 4000 150 60 1 w a t e r
DP-DUR - 150 60 2 O P -S
DP-DUR - 300 60 1 w a t e r
T a b l e  3 . 3 .  P o l i s h i n g  s c h e d u l e  f o r  s p e c i m e n s .
C H A P T E R  4
RESULTS
4 . 1 . C h a r a c t e r i s a t i o n  o f  R e s in  an d  L a m i n a t e  P r o p e r t i e s .
4 . 1 . 1 . R e s in  p r o p e r t i e s .
( a )  Specimen i n t e g r i t y .
A l l  c u r e d  r e s i n  samples w er e  t r a n s p a r e n t .  They a p p eared  v o i d  f r e e  when 
exa m ined  i n  t r a n s m i t t e d  l i g h t  and t h e r e  w er e  no o b v io u s  d i f f e r e n c e s  i n  
ap p e a r a n c e  between t h e  t h r e e  d i f f e r e n t  c u r e  l e v e l s .  A l l  t h r e e  r e s i n s  had a 
y e l l o w - b r o w n  c o l o u r a t i o n .
( b )  S e c a n t  modulus and f r a c t u r e  s t r a i n .
The v a r i a t i o n  o f  mean s e c a n t  m odul us ,  E,  o f  t h e  epoxy r e s i n  w i t h  a c c e l e r a t o r  
l e v e l  i s  shown i n  T a b l e  4 . 1 ,  as a f u n c t i o n  o f  a p p l i e d  s t r a i n .  The r e s u l t s
show t h a t  as t h e  l e v e l  o f  a c c e l e r a t o r  i n  t h e  system i s  i n c r e a s e d  f ro m  0 . 5%  t o
1.5% t h e  modulus i s  l o w e r e d  by 0 . 4 - 0 . 5  GPa. A f u r t h e r  i n c r e a s e  i n
a c c e l e r a t o r  l e v e l  t o  3 .0% d i d  n o t  r e s u l t  i n  a f u r t h e r  d e c r e a s e  i n  t h e  
m o d u lu s .  The m od ul i  a p p e a r  t o  re m a in  c o n s t a n t  w i t h  i n c r e a s i n g  s t r a i n  up t o  
0.5% s t r a i n .  The mean t e n s i l e  f r a c t u r e  s t r a i n s ,  ( e f ) ,  o f  t h e  t h r e e  r e s i n s  
a r e  a l s o  shown i n  T a b l e  4 . 1 .  The f r a c t u r e  s t r a i n  i s  s i m i l a r  f o r  a l l  t h r e e  
r e s i n s  a n d ' i s  o f  t h e  o r d e r  o f  0 .5%  s t r a i n .  The v a l u e  o f  a p p l i e d  s t r a i n  a t  
f a i l u r e  i s  low bec ause t h e  sam ples  w er e  t e s t e d  a s - c u t  so t h a t  t h e  c u t  edges  
may have c o n t r i b u t e d  f l a w s  l e a d i n g  t o  p r e m a t u r e  f a i l u r e  i n  t e n s i o n .  An 
i n c r e a s e  i n  f r a c t u r e  s t r a i n  was o b t a i n e d  by p o l i s h i n g  t h e  edges o f  t h e  
s a m p l e s .  The e f f e c t  o f  p o l i s h i n g  i s  shown i n  T a b l e  4 . 2  w h ic h  shows t h e  mean 
f r a c t u r e  s t r a i n  o f  p o l i s h e d  edge samples  o f  epoxy r e s i n  c o n t a i n i n g  0 .5%  
a c c e l e r a t o r .  The mean f r a c t u r e  s t r a i n  was i n c r e a s e d  t o  1.6% s t r a i n .  T a b l e
4 . 2  a l s o  shows v a r i a t i o n  o f  s e c a n t  modulus as a f u n c t i o n  o f  s t r a i n  f o r  t h e  
r e s i n  w i t h  0 .5% BDMA. The modulus i s  seen t o  d e c r e a s e  c o n t i n u o u s l y  f rom 3 . 8  
GPa a t  0 .1%  s t r a i n  t o  3 . 4  GPa a t  1 .5% s t r a i n .  The s t r e s s / s t r a i n  d i a g r a m  f o r  
t h e  r e s i n  showed a sm al l  amount  o f  h y s t e r e s i s  b u t  no s i g n i f i c a n t  pe rm ane nt  
s e t  was o b s e r v e d .  The s t r e s s / s t r a i n  d iag ram s f o r  t h e  r e s i n s  w i t h  h i g h e r
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l e v e l s  o f  BDMA ( 1 . 5 %  and 3 .0% BDMA) showed l i n e a r  b e h a v i o u r  and no 
s i g n i f i c a n t  h y s t e r e s i s  was o b s e r v e d  up t o  t h e  f r a c t u r e  s t r a i n s ,
( c )  P o i s s o n ' s  r a t i o .
The e f f e c t  o f  a c c e l e r a t o r  l e v e l  i n  t h e  r e s i n  on t h e  P o i s s o n ' s  r a t i o  i s  shown 
i n  T a b l e  4 . 3  as a f u n c t i o n  o f  a p p l i e d  s t r a i n .  The mean v a l u e s  o f  P o i s s o n ' s  
r a t i o  f o r  t h e  r e s i n  c o n t a i n i n g  0 . 5%  BDMA a p p e a r  s l i g h t l y  l o w e r  t h a n  t h o s e  f o r  
t h e  r e s i n  c o n t a i n i n g  3 .0 %  BDMA b u t  t h e  d i f f e r e n c e ,  0 . 0 2 ,  i s  sm al l  r e l a t i v e  t o  
t h e  o b s erved  v a r i a t i o n  i n  P o i s s o n ' s  r a t i o  f o r  each r e s i n .  The i n c r e a s e  i n  
P o i s s o n ' s  r a t i o  w i t h  i n c r e a s i n g  l e v e l  o f  BDMA m ust ,  t h e r e f o r e ,  be r e g a r d e d  as  
t e n t a t i v e .  S i m i l a r l y ,  w h i l e  t h e  P o i s s o n ' s  r a t i o  f o r  each r e s i n  a p p e a r s  to  
i n c r e a s e  w i t h  a p p l i e d  s t r a i n ,  t h i s  change i s  o f  t h e  same o r d e r  as t h e  
o b s e r v e d  v a r i a t i o n  i n  P o i s s o n ' s  r a t i o  and so l i e s  w i t h i n  e x p e r i m e n t a l  e r r o r .
( d )  Y i e l d  s t r e s s .
The y i e l d  s t r e s s ,  Oy,  o f  t h e  r e s i n  was measured u s i n g  two m et hods.  T a b l e  
4 . 4 ( a )  shows t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  p l a n e  s t r a i n  co m p r es s io n  t e s t .  
The r e s u l t s  i n d i c a t e  t h a t  t h e  y i e l d  s t r e s s  o f  t h e  r e s i n  d e c re a s e s  as t h e  
l e v e l  o f  BDMA i n c r e a s e s .  The r e s u l t s  o b t a i n e d  f o r  t h e  1 .5% and 3 .0%  BDMA 
r e s i n s  were  i d e n t i c a l ,  w i t h i n  e x p e r i m e n t a l  e r r o r .  When t h e  specimens w er e  
exam in ed  a f t e r  t e s t i n g ,  a s e r i e s  o f  t e n s i l e  c r a c k s  c o u l d  be seen i n  t h e  
r e g i o n s  o u t s i d e  t h e  c o m p r e s s io n  r e g i o n ,  see F i g u r e  4 . 1 .  The c r a c k s  o c c u r r e d  
bec au se  t h e  epoxy r e s i n s  a r e  v e r y  b r i t t l e  un der  t e n s i o n .  I n  r e s t r a i n i n g  t h e  
movement o f  t h e  com pressed m a t e r i a l  p a r a l l e l  t o  t h e  d i e s ,  t h e  un defo rm ed  
m a t e r i a l  w hich p r o v i d e s  t h e  r e s t r a i n t ,  i s  p u t  un der  t e n s i o n  and so can c r a c k ,  
l e a d i n g  t o  a r e d u c t i o n  i n  t h e  r e s t r a i n t  imposed on t h e  m a t e r i a l  u n d e r  t e s t .  
T h i s  t e s t  method was ,  t h e r e f o r e ,  n o t  i d e a l  f o r  b r i t t l e ,  l o w - s t r a i n - t o - f a i l u r e  
m a t e r i a l s ,  s i n c e  t h e  r e s u l t s  o b t a i n e d  do no t  a c t u a l l y  r e f l e c t  s m a l l  
d i f f e r e n c e s  i n  t h e  p r o p e r t i e s  o f  t h e  h i g h  c u r e  r e s i n s  ( 1 . 5  and 3 . 0%  BDMA).
The u n i a x i a l  com p r e s s io n  o f  r e s i n  c y l i n d e r s  gave a more c o n s i s t e n t  r e s u l t  f o r  
t h e  y i e l d  s t r e s s ,  as r e f l e c t e d  by t h e  s t a n d a r d  d e v i a t i o n ,  and a l s o  by t h e  
d i f f e r e n c e  o b t a i n e d  i n  t h e  v a l u e s  o f  y i e l d  s t r e s s  f o r  t h e  1 .5% and 3 .0% BDMA 
r e s i n s .  The r e s u l t s  a r e  shown i n  T a b l e  4 . 4 ( b ) .  These r e s u l t s  c o n f i r m  t h o s e  
o b t a i n e d  p r e v i o u s l y  and show c l e a r l y  t h a t  as t h e  l e v e l  o f  BDMA i n  t h e  r e s i n  
i s  i n c r e a s e d  t h e  y i e l d  s t r e s s  d e c r e a s e d .  F i g u r e  4 . 2  i l l u s t r a t e s  t h e  
d e c r e a s e  i n  y i e l d  s t r e s s  as a f u n c t i o n  o f  a c c e l e r a t o r  l e v e l  and F i g u r e  4 . 3  
shows t h e  t e s t  specimens a f t e r  y i e l d i n g .
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(e) Dynamic mechanical thermal a n a ly s i s .
The g l a s s  t r a n s i t i o n  t e m p e r a t u r e ,  Tg, o f  t h e  r e s i n  was d e t e r m i n e d  f ro m  t h e  
c u r v e  o f  t a n  T  as a f u n c t i o n  o f  t e m p e r a t u r e .  The t e m p e r a t u r e  a t  w h ic h  a 
maximum i n  t h e  v a l u e s  o f  t a n  S  was o b t a i n e d  was t a k e n  t o  be t h e  g l a s s
t r a n s i t i o n  t e m p e r a t u r e .  The " s t r e s s  f r e e  t e m p e r a t u r e " , T I ,  was d e t e r m i n e d
f rom t h e  c u r v e  o f  l o g  E,  t h e  l o s s  m od ul us ,  v e r s u s  t e m p e r a t u r e  as shown i n  
F i g u r e  3 . 5 .  The s t r e s s - f r e e  t e m p e r a t u r e  i s  t a k e n  t o  b^ t h e  t e m p e r a t u r e  above  
w hich t h e r e  a r e  no t h e r m a l  s t r e s s e s  p r e s e n t .  Below t h i s  t e m p e r a t u r e  t h e r m a l  
s t r e s s e s  may be l o c k e d  i n t o  t h e  l a m i n a t e .  A l t e r n a t i v e l y ,  i t  may be 
d e t e r m i n e d  by m e a s u r i n g  t h e  t e m p e r a t u r e  a t  which an u n b a la n c e d  ( 0 , 9 0 )  beam 
b e g in s  t o  d e v e lo p  a c u r v a t u r e .  P r e v i o u s  e x p e r i e n c e  has shown t h a t  b o t h  
methods p r o v i d e  v a l u e s  o f  T I  w h ic h  a r e  i n  c l o s e  a g ree m e n t  [ 8 ] .
The v a l u e s  o f  Tg and T I  o b t a i n e d  f o r  t h e  t h r e e  r e s i n  sys tems a r e  shown i n
T a b l e  4 . 5 .  The r e s u l t s  show t h a t  as t h e  l e v e l  o f  BDMA i n  t h e  sys tem
i n c r e a s e d ,  T g and T I  a r e  b o t h  i n c r e a s e d .  The Tg a c h i e v e d  f o r  t h e  r e s i n  
c o n t a i n i n g  3 .0% BDMA i s  c l o s e  t o  t h e  p o s t - c u r e  t e m p e r a t u r e  o f  150 °C .
( f )  R e f r a c t i v e  i n d e x .
In  t h e  l i t e r a t u r e  on epo xy r e s i n s  [ B 3 ] ,  s e v e r a l  examples  e x i s t  wh ich  
d e m o n s t r a t e  t h a t  t h e  l e v e l  o f  c u r e  o f  t h e  epoxy r e s i n  can be d e t e r m i n e d  by 
i t s  r e f r a c t i v e  i n d e x .  T a b l e  4 . 6  shows t h e  v a l u e s  o f  r e f r a c t i v e  i n d e x  o f  t h e  
r e s i n s  o b t a i n e d  w i t h  t h r e e  d i f f e r e n t  l e v e l s  o f  a c c e l e r a t o r  u s i n g  t h e  method  
d e s c r i b e d  i n  s e c t i o n  3 . 2 . 6 .  I t  i s  e v i d e n t  t h a t  i t  i s  n o t  p o s s i b l e  to  
d i s t i n g u i s h  any d i f f e r e n c e  i n  t h e  r e f r a c t i v e  i n d e x  o f  t h e  r e s i n s .  Any sm a l l  
d i f f e r e n c e s  p r e s e n t  a r e  w e l l  w i t h i n  t h e  s t a n d a r d  d e v i a t i o n s  o b t a i n e d  u s i n g  
t h i s  me th od .  To m o n i t o r  t h e  s m a l l  d i f f e r e n c e s ,  a h i g h  d e g r e e  o f  a c c u r a c y  and  
r e p r o d u c i b i l i t y  o f  t h e  s c a l e  r e a d i n g  and f o c u s i n g  o f  t h e  p a r t i c l e s  i s  
r e q u i r e d  and t h i s  c o u l d  n o t  be a c h i e v e d  u s i n g  t h e  t r a v e l l i n g  m ic ro s c o p e  
em pl oy ed .
( g )  T e n s i l e  deb on di ng  s t r e s s  o f  t h e  e p o x y / g l a s s  i n t e r f a c e .
A t  an e a r l y  s t a g e  o f  t h i s  i n v e s t i g a t i o n  a t t e m p t s  wer e  made t o  measure  t h e  
t e n s i l e  de bondi ng s t r e s s  o f  a s i n g l e  g l a s s  f i b r e  i n  epoxy r e s i n  u s i n g  a 
necked r e s i n  sp e c im en ,  see s e c t i o n  3 . 2 . 4 .  I f  deb ond in g  f a i l u r e  had been  
d e t e c t e d ,  t h e  specimen c o u l d  t h e n  have been a n n e a l e d  and t h e  ' r e - b o n d e d '
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specim en t e s t e d  a g a i n  t o  measu re  t h e  s t r e n g t h  o f  t h e  ' h e a l e d '  bon d.  A
p a r a l l e l  s t u d y  c o u l d  t h e n  be made on s i n g l e  f i b r e s  a l o n g  w i t h  t h e  s t u d y  o f
debon di ng  i n  l a m i n a t e s .  U n f o r t u n a t e l y  no debon di ng  f a i l u r e  c o u l d  be d e t e c t e d  
p r i o r  t o  co m pres sio n  f a i l u r e  o f  t h e  e n t i r e  specimen a t  t h e  n e c k .  The
specimens f a i l e d  a t  a s t r e s s  o f  14 0  MPa.  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  y i e l d
s t r e s s  measured u s i n g  o t h e r  m e th o d s ,  see  s e c t i o n  4 . 1 . 1 ( d ) .  E x p e r i m e n t s  w i t h  
embedded bun dles  o f  g l a s s  f i b r e s  gav e t h e  same r e s u l t .  I t  i s  p o s s i b l e  t h a t  
t h e  i n t e r f a c e  bond had a h i g h  s t r e n g t h  and t h a t  f a i l u r e  c o u l d  n o t  o c c u r  
b e f o r e  r e s i n  f a i l u r e .  In  such a c a s e ,  i t  can be deduced f ro m e q u a t i o n  3 . 4  
t h a t  t h e  t e n s i l e  de b ond in g  s t r e s s  i s  a t  l e a s t  g r e a t e r  t h a n  5 . 0  MPa. I t  i s
a l s o  p o s s i b l e ,  ho wev er ,  t h a t  f a i l u r e  o f  t h e  bond,  p r i o r  t o  specimen y i e l d i n g  
was s i m p l y  n o t  d e t e c t e d  because t h e  amount o f  l i g h t  s c a t t e r e d  was t o o  s m a l l .
T h e re  a r e  s e v e r a l  ways i n  w h ic h  t h e  method c o u l d  have been i n v e s t i g a t e d  
f u r t h e r  and improved  t o  a c h i e v e  t h e  d e s i r e d  r e s u l t .  F o r  e x a m p le ,  an i n  s i t u  
m ic r o s c o p e  c o u l d  have been s e t  up f o r  d e t e c t i n g  t h e  debond more e a s i l y  and a 
p o w e r f u l  i l l u m i n a t i o n  s o u r c e ,  such as a LASER, c o u l d  have been used t o  make 
t h e  debond more v i s i b l e  t h r o u g h  s c a t t e r i n g  o r  d i f f r a c t i o n  o f  t h e  l i g h t  by t h e  
gap c r e a t e d .  The a d h e s i o n  o f  s t a r c h  c o a t e d  g l a s s  f i b r e s  t o  t h e  epoxy r e s i n  
c o u l d  have been i n v e s t i g a t e d  t o  r e - a s s e s s  t h e  f e a s a b i l i t y  o f  t h e  method s i n c e  
t h e  a d h e s i o n  i s  e x p e c t e d  t o  be v e r y  lo w  f o r  t h e s e  f i b r e s .  T h i s  method i s  
known t o  have been s u c c e s s f u l  f o r  l a r g e  ( 1 0 0  m i c r o n s )  d i a m e t e r  f i b r e s  [ 5 0 ] .  
The p r i o r i t y  o f  t h i s  i n v e s t i g a t i o n ,  h o w eve r ,  was t o  d e t e c t  deb o n d in g  i n  
l a m i n a t e s  and imp rovement  o f  t h e  t e s t  i s  recommended f o r  f u t u r e  w o r k .
4 . 1 . 2 .  L a m i n a t e  p r o p e r t i e s
( a )  Specimen i n t e g r i t y .
The l a m i n a t e s  were  found t o  v a r y  i n  c l a r i t y  dep en di ng  on t h e  l e v e l  o f  c u r e  o f  
t h e  m a t r i x  r e s i n .  L a m in a t e s  made f ro m  r e s i n ' c o n t a i n i n g  0 .5% BDMA were  
s l i g h t l y  c l o u d y  w h i l e  t h o s e  made w i t h  r e s i n  c o n t a i n i n g  3 .0 %  BDMA w er e  q u i t e  
c l e a r .  The l a m i n a t e s  m a n u f a c t u r e d  w i t h  1.5% BDMA w e r e  o f  i n t e r m e d i a t e
c l a r i t y .  A l l  t h e  l a m i n a t e s  a p p e a r e d  y e l l o w  when p l a c e d  f l a t  on a w h i t e  s h e e t
o f  p a p e r ,  a c o l o u r  i m p a r t e d  t o  them by t h e  r e s i n .  V a r y i n g  t h e  a n g l e  o f  t h e
l i g h t  w i t h  r e s p e c t  t o  t h e  spe cimen  l e d  t o  t h e  p r e s e n c e  o f  v a r i o u s  c o l o u r s
b e i n g  o b s e r v e d .  These c o l o u r s  r a n g e d  f ro m  b l u e  f o r  l a m i n a t e s  made w i t h  r e s i n  
c o n t a i n i n g  0 .5% BDMA to  b l u e  w i t h  t i n g e s  o f  v i o l e t  o r  r e d  i n  some r e g i o n s  o f  
l a m i n a t e s  made w i t h  r e s i n  c o n t a i n i n g  h i g h e r  c u r e  r e s i n s .  The c o l o u r s  a r e  
d i s c u s s e d  i n  s e c t i o n  4 . 2 . 1 .
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M i c r o s c o p i c  e x a m i n a t i o n  o f  t h e  p o l i s h e d  edges o f  l a m i n a t e s  p r i o r  t o  t e s t i n g  
showed s e v e r a l  i n t e r e s t i n g  f e a t u r e s .  Lam in at es  made w i t h  epoxy r e s i n  
c o n t a i n i n g  0.5% BDMA showed p o o r  c o n t r a s t  between g l a s s  f i b r e  and r e s i n ,  
F i g u r e  4 . 2 8 .  T h i s  was n o t  t h e  c a s e  f o r  t h e  1.5% BDMA l a m i n a t e s  o r  t h e  3 . 0%  
BDMA l a m i n a t e s  where  t h e  i n d i v i d u a l  f i b r e  c r o s s - s e c t i o n s  i n  t h e s e  l a m i n a t e s  
w er e  w e l l  d e f i n e d ,  F i g u r e  4 . 3 0 .  T h i s  s u g g e s t s  t h a t  t h e  l e v e l  o f  c o n t r a s t  was
i n  some way a s s o c i a t e d  w i t h  t h e  l e v e l  o f  c u r e  o f  t h e  l a m i n a t e .
A n o t h e r  f e a t u r e  obs e r v e d  i n  l a m i n a t e  specimens was t h e  p rese nce  o f  f i b r e  
s p l i t s  w hich n o r m a l l y  o c c u r r e d  w h e r e  a group o f  f i b r e s ,  u s u a l l y  i n  c o n t a c t ,  
was s u r roun ded  on one s i d e  by a r e s i n - r i c h  r e g i o n .  I t  was n o t i c e d  t h a t  
o c c a s i o n a l l y  such r e g i o n s  s u r v i v e d  f i b r e  s p l i t t i n g ,  p res u m a b ly  due t o  t h e  
h i g h e r  s t r e n g t h  o f  t h e  f i b r e s .  These f i b r e  s p l i t s  d i d  n o t  o c c u r  i n  t h e  90°  
u n i d i r e c t i o n a l  l a m i n a t e s  even i n  t h e  most  h i g h l y  c u r e d  r e s i n ,  see  F i g u r e  4 . 4 .  
However ,  t h e y  d i d  o c c u r  t o  a v e r y  s i g n i f i c a n t  e x t e n t  i n  t h e  90° p l i e s  o f  
( 0 , 9 0 ) s l a m i n a t e s .  F i g u r e  4 . 5  shows a l a r g e  number o f  f i b r e  s p l i t s  
c o n c e n t r a t e d  a t  t h e  0 / 9 0  p l y  i n t e r f a c e s  and t h e y  a l s o  s a t i s f y  t h e  c o n d i t i o n  
o f  b e i n g  , i n  c o n t a c t  and n e a r  r e s i n  r i c h  r e g i o n s .  I t  shows how t h e s e  a l s o  
o c c u r r e d  i n  t h e  m i d d l e  o f  t h e  p l y  t e n d i n g  t o  form c h a r a c t e r i s t i c  a r c s .  The  
h i g h e r  c u r e  (1 .5 %  and 3 .0% BDMA) ( 0 , 9 0 ) s l a m i n a t e s  showed more f i b r e  s p l i t s  
as d i d  t h e  low c u r e  c r o s s - p l y  l a m i n a t e s  w i t h  r e l a t i v e l y  t h i n  i n n e r  p l i e s .  
Th us,  t h e s e  f i b r e  s p l i t s  a p p e a r  t o  be a s s o c i a t e d  w i t h  th e  t h e r m a l  r e s t r a i n t  
s t r e s s e s  p r e s e n t  i n  a ( 0 , 9 0 ) s l a m i n a t e ,  p r i o r  t o  t e s t i n g .  They w er e  n o t  
p o l i s h i n g  d e f e c t s  as a l l  l a m i n a t e s  w er e  g i v e n  e x a c t l y  t h e  same p o l i s h i n g  
t r e a t m e n t .
F i g u r e  4 . 2 9  shows a p o l i s h e d  s e c t i o n  o f  t h e  l a m i n a t e  c o n t a i n i n g  f i b r e s  w i t h  a 
s t a r c h  f i n i s h .  C o n s i d e r a b l e  d e - w e t t i n g  i s  o b s e r v e d  aroun d t h e  f i b r e s  as seen  
by t h e  dark  t r i c o r n s .  The c o n t r a s t  be tw ee n f i b r e  and r e s i n  i s  v e r y  p oo r  and 
t h e  t r a n s m i s s i o n  l i g h t  image a p p e a r s  t o  be l i k e  an image o b t a i n e d  i n
r e f l e c t e d  l i g h t .  The l i g h t  i s  p o o r l y  t r a n s m i t t e d  due t o  t h e  l a r g e  amount  o f
p oo r  bonding  w hich r e s u l t s  i n  t h e  l i g h t  b e i n g  s c a t t e r e d  i n  a l l  d i r e c t i o n s .
( b )  Volume f r a c t i o n  o f  g l a s s  f i b r e s .
The volume f r a c t i o n  o f  g l a s s  f i b r e s  i n  t h e  l a m i n a t e s  was d e t e r m i n e d  by t h e  
b u r n - o f f  method d e s c r i b e d  i n  s e c t i o n  3 . 2 . 3 .  The r e s u l t s  o b t a i n e d  f o r  a l l  
l a m i n a t e s  a r e  shown T a b l e  4 . 7 ( a - f ) .  F o r  l a m i n a t e s  made w i t h  0 .5% and 1.5%  
BDMA r e s i n ,  t h e  f i b r e  volume f r a c t i o n s  a c h i e v e d  w er e  between 5 0 - 6 0 % .  The
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f i b r e  volume f r a c t i o n  a c h i e v e d  f o r  l a m i n a t e s  made w i t h  r e s i n  c o n t a i n i n g  3 .0%  
BDMA were  somewhat l o w e r  i n  t h e  r a n g e  o f  4 0 - 5 5 % .  The 3 .0% BDMA l a m i n a t e s  
g e l l e d  v e r y  q u i c k l y  so t h a t  as t h e  t e m p e r a t u r e  o f  t h e  l a m i n a t e  was i n c r e a s e d  
t h e r e  was v e r y  l i t t l e  t i m e  d u r i n g  w h ic h  t h e  v i s c o s i t y  o f  t h e  r e s i n  was low  
enough f o r  exc es s r e s i n  t o  f l o w  o u t .  Once t h e  r e s i n  b eg in s  t o  ge l  i t s  
v i s c o s i t y  i s  i n c r e a s e d  r a p i d l y  so t h a t  f l o w  o f  r e s i n  i s  g r e a t l y  r e t a r d e d  and  
more r e s i n  i s  r e t a i n e d  r e s u l t i n g  i n  a l a m i n a t e  w i t h  a l o w e r  volume f r a c t i o n  
o f  g l a s s  f i b r e s .
L a m in a te s  made f rom t h e  t e x t i l e  r o v i n g  c o n t a i n i n g  t h e  s t a r c h  f i n i s h  a l s o  had 
l ow f i b r e  volume f r a c t i o n s  o f  t h e  o r d e r  o f  40%. The g l a s s  r o v i n g  was o f  a 
much l o w e r  t e x  ( 1 2 0  as opposed t o  6 0 0 )  and a l t h o u g h  t h i s  was a l l o w e d  f o r  
d u r i n g  f i l a m e n t  w i n d i n g ,  t h e  s m a l l e r  f i b r e  d i a m e t e r  was n o t  t a k e n  i n t o  
a c c o u n t .  The amount o f  g l a s s  f i b r e  l a i d  down was,  t h u s ,  much l o w e r .  A l s o ,  
t h e  poo r  w e t t i n g  o f  t h e  r e s i n  may have a f f e c t e d  t h e  volume f r a c t i o n  r e s u l t .
( c )  S e c a n t  m odu lu s.
The mean v a l u e s  o f  s e c a n t  m odu l i  o f  t h e  l a m i n a t e s  a r e  p r e s e n t e d  i n  T a b le s  
4 . 7 ( a - f )  as a f u n c t i o n  o f  a p p l i e d  s t r a i n ,  p r i o r  t o  t r a n s v e r s e  p l y  c r a c k i n g .  
The t a b l e s  a l s o  show t h e  volume f r a c t i o n  o f  f i b r e s ,  V f ,  i n  t h e  i n d i v i d u a l  
l a m i n a t e s  and t h e  mean v a l u e s  o f  t h e  f i r s t  t r a n s v e r s e  p l y  c r a c k i n g  s t r a i n ,  
e t c *  The e x p e r i m e n t a l l y  o b t a i n e d  v a l u e s  o f  m odu l i  shown i n  T a b l e s  4 . 7 ( a - f )  
a r e  compared w i t h  p r e d i c t e d  v a l u e s  o b t a i n e d  u s i n g  t h e  H a l p i n - T s a i  e q u a t i o n s  
i n  c o n j u n c t i o n  w i t h  l a m i n a t e d  p l a t e  t h e o r y  e q u a t i o n s  t o  show t h e  v a l i d i t y  o f  
t h e  e x p e r i m e n t a l  r e s u l t s .  The e x p e r i m e n t a l l y  o b t a i n e d  v a l u e s  o f  t h e  s e c a n t  
m od ul i  a t  0 .2% s t r a i n  a r e  compared w i t h  t h e  p r e d i c t e d  v a l u e s  i n  T a b l e  4 . 8 .  
The e q u a t i o n s  and m a t e r i a l  p r o p e r t i e s  used i n  t h e  c a l c u l a t i o n s  a r e  shown i n  
A p pend ix  2 .  The e x p e r i m e n t a l  r e s u l t s  a g r e e  w e l l  w i t h  t h e  p r e d i c t e d  v a l u e s .  
F o r  each group o f  l a m i n a t e s  ( 0 . 5 % ,  1 .5% and 3 .0%  BDMA l a m i n a t e s )  t h e  modulus  
was seen t o  i n c r e a s e  i n  p r o p o r t i o n  w i t h  th e  re duc ed  t h i c k n e s s  o f  th e  
t r a n s v e r s e  p l y  and i n  a c c o r d a n c e  w i t h  t h e  m a t r i x  p r o p e r t i e s  used i n  t h e  
H a l p i n - T s a i  e q u a t i o n s .  The e x p e r i m e n t a l  e r r o r  i s  c o n s i d e r e d  t o  be o f  t h e  
o r d e r  o f  10%.
The r e d u c t i o n  i n  modulus as a f u n c t i o n  o f  a p p l i e d  s t r a i n  f o r  each l a m i n a t e  
was a l s o  e xa m ined .  The change  o f  modulus o b s e r v e d  i s  t a b u l a t e d  as dE w hich  
r e p r e s e n t s  t h e  d i f f e r e n c e  be tw ee n t h e  modulus a t  0 .2% s t r a i n  and t h e  modulus  
a t  0 . 3 5 %  s t r a i n  o r  j u s t  b e f o r e  t r a n s v e r s e  p l y  c r a c k i n g  i f  t h i s  o c c u r r e d  be low  
0.3 5%  s t r a i n .  Any modulus d r o p  due t o  t h e  p r e s e n c e  o f  t h e  t r a n s v e r s e  c r a c k
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w as ,  t h e r e f o r e ,  e x c l u d e d .  The mean v a l u e s  o f  dE a r e  shown i n  T a b l e s  
4 - 7 ( a - f ) .  The m ag n i tu d e  o f  dE i s  sm a l l  -  r a n g i n g  f rom 0 . 3  GPa, wh ic h i s  t h e  
maximum a c c u r a c y  o f  r e a d i n g  t h e  s c a l e  on t h e  a x e s ,  t o  a p p r o x i m a t e l y  2 . 0  GPa.  
I n d i v i d u a l  r e s u l t s  f o r  dE showed w id e  d e v i a t i o n s  f ro m  t h e  mean v a l u e s ,  o f t e n  
as l a r g e  as t h e  mean v a l u e  i t s e l f  due t o  sample t o  sample  v a r i a t i o n .  
Ho we ver ,  a r e d u c t i o n  i n  modulus does oc c u r  i n  some l a m i n a t e s  p r i o r  t o  
t r a n s v e r s e  p l y  c r a c k i n g  and i s  a p p a r e n t  i n  t h e  l o a d / s t r a i n  t r a c e s  o b t a i n e d  
f o r  t h e  l a m i n a t e s .  F o r  90°  u n i d i r e c t i o n a l  l a m i n a t e s  made w i t h  r e s i n  
c o n t a i n i n g  0 .5%  BDMA, f o r  e x a m p l e ,  t h e  l o a d / s t r a i n  d i a g r a m  i s  c o n t i n u o u s l y  
n o n - l i n e a r  and j u s t  b e f o r e  f r a c t u r e  t h e r e  i s  a more pronounced r e d u c t i o n  i n  
t h e  g r a d i e n t .  T h i s  i s  shown i n  F i g u r e  4 . 6 .  F o r  t h i s  p a r t i c u l a r  spe cim en t h e  
r e d u c t i o n  i n  m odulus,  j u s t  b e f o r e  f r a c t u r e  a t  0 .45 % s t r a i n ,  amounted t o  1 . 9  
GPa.
90° u n i d i r e c t i o n a l  l a m i n a t e s .
The 90° u n i d i r e c t i o n a l  l a m i n a t e s  made w i t h  r e s i n  c o n t a i n i n g  0 . 5%  BDMA have  
shown t h e  h i g h e s t  r e d u c t i o n  i n  modulus w i t h  a mean v a l u e  o f  0 . 8  GPa. a t  0 .3 5%  
s t r a i n .  F o r  t h e  u n i d i r e c t i o n a l  90°  l a m i n a t e s  made w i t h  r e s i n  c o n t a i n i n g  1 .5%  
BDMA t h e  mean r e d u c t i o n  i n  modulus a t  0 .3 5%  s t r a i n  was 0 . 4  GPa. I n d i v i d u a l  
specimen s showed a r e d u c t i o n  o f  0 . 8  GPa a t  0 .45% s t r a i n ,  see T a b l e  4 . 7 ( b ) .  
The r e d u c t i o n  was l o w e r  t h a n  t h a t  f o r  t h e  0 .5% BDMA l a m i n a t e s .  The 3% BDMA 
90° u n i d i r e c t i o n a l  l a m i n a t e s  showed a mean r e d u c t i o n  i n  modulus o f  0 . 1  GPa a t  
0 .35%  s t r a i n  w h ic h  i s  n e g l i g i b l e .  However ,  one specimen showed a r e d u c t i o n  
o f  0 . 6  GPa a t  0 .35% s t r a i n .  T h i s  i n c r e a s e d  to  0 . 9  GPa a t  0 .45 % s t r a i n  and
1 . 0  GPa a t  0 . 55%  s t r a i n .  I t  a l s o  had an u n u s u a l l y  h i g h  f r a c t u r e  s t r a i n  
( 0 . 5 7 5  % ) .
( 0 , 9 0 ) s l a m i n a t e s  (0 .5 %  BDMA).
F i g u r e  4 . 7  shows t h e  l o a d / s t r a i n  d i a g r a m  f o r  l a m i n a t e  2 ( s e e  T a b l e  4 . 7 ( a ) ) .  
T h i s  was a ( 0 , 9 0 ) s l a m i n a t e  w i t h  an i n n e r  90° p l y  t h i c k n e s s  o f  2 mm ( o u t e r  0°  
p l i e s  = 0 . 6 5  mm) and s h o u ld  be compared w i t h  F i g u r e  4 . 6  w h ic h  shows t h e
l o a d / s t r a i n  d i a g r a m  f o r  t h e  90°  u n i d i r e c t i o n a l  l a m i n a t e  w h ic h  a l s o  had a 90°  
p l y  t h i c k n e s s  o f  2 mm. I n  a ( 0 , 9 0 ) s l a m i n a t e  t h e  c o n t r i b u t i o n  o f  t h e  modulus  
o f  t h e  t r a n s v e r s e  p l y  t o  t h e  o v e r a l l  modulus o f  t h e  l a m i n a t e  i s  p r o p o r t i o n a l  
t o  i t s  t h i c k n e s s  r e l a t i v e  t o  t h e  t h i c k n e s s  o f  th e  0° p l i e s .  A r e d u c t i o n  i n  
modulus o f  t h e  t r a n s v e r s e  p l y  i n  a ( 0 , 9 0 ) s l a m i n a t e  i s  l e s s  n o t i c a b l e .  Thu s,  
f o r  l a m i n a t e  2 ,  a mean r e d u c t i o n  i n  t h e  modulus o f  t h e  t r a n s v e r s e  p l y  o f  0 . 8  
GPa i s  e x p e c t e d  t o  r educ e  t h e  o v e r a l l  l a m i n a t e  modulus by o n l y  0 . 5  GPa. The
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mean v a l u e  o f  dE o b t a i n e d  f o r  l a m i n a t e  2 i s  0 . 4  GPa, a t  0 .35% s t r a i n .  The  
l o a d / s t r a i n  t r a c e  shown i n  F i g u r e  4 . 7  does n o t  show a pronounced r e d u c t i o n  i n  
modulus p r i o r  t o  t r a n s v e r s e  c r a c k i n g  as o b s e r v e d  by P a r v i z i  e t  a l  [ 2 ] .  The  
r e d u c t i o n  i s  g r a d u a l  and s m a l l .  A l o a d / s t r a i n  t r a c e  f o r  l a m i n a t e  3 ( T a b l e  
4 . 7 ( a ) ,  b = 0 . 7  mm, 2d = 1 . 0  mm) i s  shown i n  F i g u r e  4 . 8 .  No s i g n i f i c a n t  
r e d u c t i o n  i n  modulus was r e c o r d e d  f o r  t h i s  l a m i n a t e .
F i g u r e  4 . 9  shows a l o a d / s t r a i n  t r a c e  o f  a specimen f rom l a m i n a t e  4 w h ic h  had  
a v e r y  t h i n  i n n e r  90°  p l y  (2 d  = 0 . 5 0  mm).  The modulus o f  t h i s  spe cim en i s  
d om ina ted  by t h e  0° p l i e s .  The s t r e s s / s t r a i n  g r a d i e n t  i s  l i n e a r  up t o  a 
s t r a i n  o f  0 . 8 % ,  a f t e r  w h ic h  m u l t i p l e  t r a n s v e r s e  c r a c k i n g  o c c u r s .  As t h e  
d e n s i t y  o f  t h e  t r a n s v e r s e  c r a c k s  i n c r e a s e s  t h e  g r a d i e n t  i s  seen t o  g r a d u a l l y  
f a l l .  The r e d u c t i o n  i n  t h e  g r a d i e n t ,  i n  t h i s  c a s e ,  was c l e a r l y  due t o  t h e  
p r e s e n c e  o f  t h e  t r a n s v e r s e  c r a c k s  w h ic h  a f f e c t s  t h e  l o a d  b e a r i n g  c a p a c i t y  o f  
t h e  l a m i n a t e .
( 0 , 9 0 ) s l a m i n a t e s  (1 .5 %  BDMA)
No a p p a r e n t  r e d u c t i o n  i n  modulus was d e t e c t e d  f o r  ( 0 , 9 0 ) s l a m i n a t e s  made w i t h
r e s i n  c o n t a i n i n g  1.5% BDMA and w i t h  an i n n e r  p l y  t h i c k n e s s ,  d = 1 mm o r  w i t h
d = 0 . 5  mm p r i o r  t o  t r a n s v e r s e  c r a c k i n g  ( l a m i n a t e  6 and 7 ,  T a b l e  4 . 7 ( b ) ) .  
L a m i n a t e  8 {2d = 0 . 5 0  mm ) ,  h o w e v e r ,  showed a v e r y  smal l  r e d u c t i o n  i n  modulus
a t  0 .35% s t r a i n  w i t h  a mean v a l u e  o f  0 . 5  GPa.
( 0 , 9 0 ) s l a m i n a t e s  (3 .0 %  BDMA).
( 0 , 9 0 ) s l a m i n a t e s  w i t h  3 % BDMA r e s i n  ( L a m in a t e s  1 0 ,  11 and 12 w i t h  2d = 1 . 8  
mm, 1 . 0  mm and 0 . 5 0  mm r e s p e c t i v e l y )  showed no s i g n i f i c a n t  r e d u c t i o n  i n  
modulus.  F i g u r e  4 . 1 0  shows a l o a d / s t r a i n  t r a c e  o b t a i n e d  f o r  l a m i n a t e  10 
w i t h  2d = 1 . 8  mm. The t r a c e  i s  l i n e a r  and s h o u ld  be compared w i t h  t h e  t r a c e  
shown i n  F i g u r e  4 . 7  w h ic h  i s  o f  an e q u i v a l e n t  l a m i n a t e  b u t  w i t h  0 .5%  BDMA 
m a t r i x  r e s i n .
90° u n i d i r e c t i o n a l  l a m i n a t e s  ( s t a r c h  f i n i s h )
The mean Youngs modulus o f  t h e  90°  u n i d i r e c t i o n a l  l a m i n a t e s  made w i t h  t h e  120  
t e x  t e x t i l e  r o v i n g  ( s t a r c h  g l a s s  f i b r e  f i n i s h )  and epoxy r e s i n  c o n t a i n i n g  
0.5% and 1.5% BDMA a r e  shown i n  T a b l e  4 . 7  ( d )  and ( e )  r e s p e c t i v e l y .  Both  
l a m i n a t e s  showed no r e d u c t i o n  i n  modulus w i t h  i n c r e a s i n g  a p p l i e d  s t r a i n .
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(0 ,9 0 ) s laminates (1200 tex  f i b r e s )
The r e s u l t s  o b t a i n e d  f o r  l a m i n a t e s  made w i t h  1200 t e x  g l a s s  f i b r e s  and epoxy  
r e s i n  c o n t a i n i n g  0 . 5 % ,  1 .5%  and 3 .0%  BDMA a r e  shown i n  T a b l e  4 . 7 ( f ) .  The  
v a l u e s  o f  modul i  a r e  i n  good a g r e e m e n t  w i t h  t h e  p r e d i c t i o n s  o f  t h e  
H a l p i n - T s a i  e q u a t i o n s  i f  a p a c k i n g  f a c t o r  o f  2 i s  u se d .  T h i s  i s  i n  a g r e e m e n t  
w i t h  t h e  r e s u l t s  o f  p r e v i o u s  w o r k e r s  [ 3 , 8 ]  who used t h e  same f i b r e  t e x  and 
r e s i n s .  In  T a b l e  4 . 7 ( f )  t h e  m od u l i  a r e  shown as a f u n c t i o n  o f  a p p l i e d
s t r a i n .  The l a m i n a t e s  have i n n e r  90°  p l y  t h i c k n e s s ,  2 d ,  o f  a p p r o x i m a t e l y  2 -
2 . 5  mm. The r e s u l t s  show a s m a l l  r e d u c t i o n  i n  modulus w i t h  s t r a i n  f o r  t h e  
0.5% BDMA l a m i n a t e s  ( 0 . 7  GPa a t  0 . 35%  s t r a i n )  w h i l e  t h e  l a m i n a t e s  c o n t a i n i n g  
1 .5%  and 3 .0% BDMA do n o t  show a r e d u c t i o n .
The e f f e c t  o f  l o a d  c y c l i n g  ( p r i o r  t o  t r a n s v e r s e  c r a c k i n g )  and a n n e a l i n g  on 
t h e  s e c a n t  modulus.
T a b l e  4 . 9  shows t h e  e f f e c t  o f  r e p e a t e d  l o a d  c y c l e s  ( u p t o  a s t r a i n  o f  0 .3 5%  o r  
j u s t  b e f o r e  t r a n s v e r s e  p l y  c r a c k i n g )  on ( 0 , 9 0 ) s l a m i n a t e s  made f ro m  1 2 0 0  t e x  
f i b r e s  and epoxy r e s i n  c o n t a i n i n g  0 . 5 % ,  1.5% and 3 .0%  BDMA r e s i n  (2d = 2 . 2
mm). A f t e r  f i v e  c y c l e s  t h e  spe cimen  was g i v e n  a s i n g l e  a n n e a l i n g  t r e a t m e n t  
f o r  30  m in u te s  a t  100 °C .  The e f f e c t  o f  t h e  a n n e a l i n g  t r e a t m e n t  on t h e
modulus o f  t h e  specimens i s  shown i n  T a b l e  4 . 9 .  F o r  t h e  0 .  5% BDMA l a m i n a t e s
t h e  e f f e c t  o f  c y c l i n g  on t h e  modulus i s  n e g l i g i b l e  w h i l e  t h e  e f f e c t  o f  
a n n e a l i n g  i s  to  cause a v e r y  s l i g h t  r e d u c t i o n  i n  t h e  m odul us .  The e f f e c t  o f  
c y c l i n g  and a n n e a l i n g  on t h e  m od u l i  o f  t h e  1.5% and 3 .0% l a m i n a t e s  i s  
n e g l i g i b l e .
Summary.
I n  summary, t h e  modu l i  ( s e c a n t  modulus a t  0 .2% s t r a i n )  f o r  t h e  above  
l a m i n a t e s  wer e  fou nd  t o  be i n  good agr e e m e n t  w i t h  t h e  p r e d i c t i o n s  o f  t h e  
H a l p i n - T s a i  e q u a t i o n s .  T h e r e  i s  a r e d u c t i o n  i n  modulus w i t h  i n c r e a s i n g  
a p p l i e d  s t r a i n  w hic h i s  n o t i c a b l e  f o r  t h e  90° u n i d i r e c t i o n a l  l a m i n a t e s  made 
w i t h  r e s i n  c o n t a i n i n g  0 .5% BDMA (mean v a l u e  a t  0 .35% s t r a i n  = 0 . 8  G P a ) .  A
s m a l l e r  r e d u c t i o n  a l s o  a p p e a r s  i n  t h e  90°  u n i d i r e c t i o n a l  l a m i n a t e s  c o n t a i n i n g
1.5% BDMA r e s i n  (mean v a l u e  a t  0 .3 5%  s t r a i n  = 0 . 4  G Pa) .  The mean r e d u c t i o n
i n  modulus f o r  t h e  90° u n i d i r e c t i o n a l  l a m i n a t e s  made w i t h  3 .0%  BDMA r e s i n  was
0 . 1  GPa. T h i s  i s  n e g l i g i b l e .  However ,  i n d i v i d u a l  specimens d i d  show a
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r e d u c t i o n  o f  0 . 6  GPa a t  0 . 35%  s t r a i n .  T h i s  i s  l o w e r  t h a n  f o r  t h e  0 .5% BDMA 
u n i d i r e c t i o n a l  l a m i n a t e s .  The ( 0 , 9 0 ) s l a m i n a t e  c o n t a i n i n g  0 . 5%  BDMA r e s i n  
w i t h  2d = 2 mm, a l s o  showed a sm a l l  g r a d u a l  r e d u c t i o n  i n  modulus (mean v a l u e
= 0 . 4  GPa a t  0 . 35%  s t r a i n ) .  The r e d u c t i o n  i n  modulus f o r  t h e  r e m a i n i n g
l a m i n a t e s  was found  t o  be n e g l i g i b l e .  The e f f e c t  o f  a n n e a l i n g  on t h e  ( 0 , 9 0 ) s 
l a m i n a t e  ( 0 .5 %  BDMA) was t o  s l i g h t l y  r e d u c e  t h e  modulus.
( d )  T r a n s v e r s e  p l y  f r a c t u r e  s t r a i n s .
90° u n i d i r e c t i o n a l  l a m i n a t e s .
The mean t r a n s v e r s e  f a i l u r e  s t r a i n s  o f  t h e  90° u n i d i r e c t i o n a l  l a m i n a t e s  and 
t h e  s t r a i n  t o  t h e  f i r s t  t r a n s v e r s e  p l y  c r a c k  i n  ( 0 , 9 0 ) s l a m i n a t e s  as a 
f u n c t i o n  o f  t h e  i n n e r  90°  p l y  t h i c k n e s s  a r e  p r e s e n t e d  i n  T a b l e  4 . 1 0 .  The
volume f r a c t i o n  o f  f i b r e s  i n  t h e  i n d i v i d u a l  l a m i n a t e s  i s  a l s o  shown.  The
mean v a l u e s  o f  f r a c t u r e  s t r a i n  f o r  t h e  u n i d i r e c t i o n a l  l a m i n a t e s  ( 0 . 5 % ,  1.5%
and 3 .0% BDMA) a r e  a l l  a p p r o x i m a t e l y  bet wee n 0 . 3  and 0 .4 %  s t r a i n .  The 3 .0%
BDMA u n i d i r e c t i o n a l  l a m i n a t e  showed t h e  l o w e s t  f r a c t u r e  s t r a i n  o f  t h e  t h r e e .  
One o f  t h e  3 .0% BDMA specimens a l s o  showed t h e  h i g h e s t  v a l u e  o f  f r a c t u r e
s t r a i n .
The u n i d i r e c t i o n a l  l a m i n a t e s  c o n t a i n i n g  120 t e x  g l a s s  f i b r e s  w i t h  t h e  s t a r c h  
f i n i s h  show l o w e r  t r a n s v e r s e  f a i l u r e  s t r a i n s  due t o  poo r  a d h e s i o n / w e t t i n g  o f  
t h e  epoxy r e s i n  m a t r i x .  The 1 .5% BDMA s t a r c h  f i n i s h  l a m i n a t e  shows a l o w e r  
f a i l u r e  s t r a i n  compared t o  t h e  0 .5% BDMA s t a r c h  f i n i s h  l a m i n a t e  a t  s i m i l a r  
volume f r a c t i o n s .  The d i f f e r e n c e  i n  f r a c t u r e  s t r a i n  may be a t t r i b u t e d  to  
d i f f e r e n c e s  i n  r e s i n  p r o p e r t i e s  w h ic h  depend on t h e  l e v e l  o f  c u r e  o f  t h e  
m a t r i x .
A l t h o u g h  f a i l u r e  s t r a i n s  o f  i n d i v i d u a l  90°  u n i d i r e c t i o n a l  specimens showed a 
v a r i a t i o n ,  t h e  mean v a l u e s  i n d i c a t e d  t h a t  t h e  t r a n s v e r s e  f a i l u r e  s t r a i n s  
d e c r e a s e d  as t h e  l e v e l  o f  c u r e  o f  t h e  m a t r i x  r e s i n  i n c r e a s e d .  I t  was a l s o  
o b s e r v e d  t h a t  po or  w e t t i n g / a d h e s i o n  r e d u c e d  t h e  f a i l u r e  s t r a i n s .
( 0 , 9 0 ) s l a m i n a t e s .
The c r o s s - p l y  l a m i n a t e  made w i t h  r e s i n  c o n t a i n i n g  0 .5%  BDMA w i t h  an i n n e r  90°  
p l y  t h i c k n e s s  o f  2 mm showed a l o w e r  s t r a i n  t o  f i r s t  t r a n s v e r s e  p l y  c r a c k  
when compared t o  a 90° u n i d i r e c t i o n a l  l a m i n a t e  o f  i d e n t i c a l  90° p l y  
t h i c k n e s s .  T h i s  can be e x p l a i n e d  by t h e  p r e s e n c e  o f  t h e r m a l  r e s t r a i n t  s t r a i n
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i n  t h e  90° p l y .  The c a l c u l a t e d  v a l u e  o f  t h e r m a l  s t r a i n  f o r  a l l  l a m i n a t e s  i s  
shown i n  T a b l e  4 . 1 0 .  The e q u a t i o n s  and m a t e r i a l  p r o p e r t i e s  used i n  t h e  
e q u a t i o n  a r e  shown i n  A p p e n d i x  2 .  As t h e  t h i c k n e s s  o f  t h e  i n n e r  90° p l y  o f  
c r o s s - p l y  l a m i n a t e s  i s  r e d u c e d ,  t h e  f i r s t  t r a n s v e r s e  p l y  c r a c k i n g  s t r a i n  i s  
seen t o  i n c r e a s e  even a f t e r  t h e  t h e r m a l  r e s t r a i n t  s t r a i n s  have been t a k e n  
i n t o  a c c o u n t .
4 - 2 .  O b s e r v a t i o n s  o f  S t r e s s - w h i t e n i n g .
4 . 2 . 1 .  C o l o u r  p h o t o g r a p h y .
( a )  0 .5% BDMA l a m i n a t e s .
D u r i n g  t e n s i l e  t e s t i n g ,  l a m i n a t e  spe cimens wer e  ph o to g ra p h e d  a t  s h o r t  
i n t e r v a l s  o f  s t r a i n  ( 0 . 0 5 % )  t o  r e c o r d  any change i n  t h e i r  a p p e a r a n c e  w i t h  
i n c r e a s i n g  s t r a i n .  A l l  sp ec imen s w er e  t r a n s p a r e n t  and a p p eared  y e l l o w  when 
p l a c e d  f l a t  on a w h i t e  s h e e t  o f  p a p e r .  The y e l l o w  c o l o u r  i s  i m p a r t e d  t o  t h e  
l a m i n a t e  by t h e  r e s i n  w h ic h  i s  a l s o  y e l l o w .  When a specimen was p l a c e d  i n  
t h e  ja ws o f  t h e  t e n s i l e  t e s t i n g  m ac h ine  i n  f r o n t  o f  a b l a c k  s c r e e n  and  
o b l i q u e l y  i l l u m i n a t e d  w i t h  t u n g s t e n  l i g h t i n g  (95% w h i t e  l i g h t )  as shown i n  
F i g u r e  3 . 1 0 ,  i t  a p p e a r e d  t o  be o f  a d i f f e r e n t  c o l o u r  as l i g h t  was s c a t t e r e d  
by t h e  90°  p l y  o f  t h e  spe cim en i n  t h e  d i r e c t i o n  o f  t h e  cam er a .
The 0.5% BDMA l a m i n a t e  spe cimens w e r e  c l o u d y  and had a b l u e  c o l o u r  a t  z e r o  
l o a d .  F i g u r e  4 . 1 1  ( a - 1 )  shows a s e r i e s  o f  p h o to g ra p h s  o f  a s i n g l e  s p e c im e n ,  
t a k e n  a t  i n t e r v a l s  o f  s t r a i n  d u r i n g  a t e n s i l e  t e s t .  The specimen was a 
( 0 , 9 0 ) s l a m i n a t e  w i t h  an i n n e r  90°  p l y  t h i c k n e s s  o f  2 . 2  mm ( o u t e r  p l i e s  = 
0 . 6 5  mm). As t h e  specimen was s t r a i n e d  i t  l o s t  i t s  i n i t i a l  c l o u d i n e s s  and  
ap p eared  more b l u e .  A c a r e f u l  e x a m i n a t i o n  o f  t h e  specimen a t  t h e  to p  o f  t h e  
p h o t o g r a p h ,  F i g u r e  4 . 1 1  ( b ) ,  showed a f a i n t  t i n g e  o f  r e d .  A t  0 . 25%  s t r a i n ,  
" w h i t e n i n g ' *  appea red  i n  t h e  spec imen and can be seen c l e a r l y  i n  F i g u r e  4 . 1 1
( c )  w hic h was o b t a i n e d  a t  0 .3 %  s t r a i n .  A t  t h i s  s t a g e  t h e  l o a d  on t h e  
specimen was d e c re a s e d  and t h e  w h i t e n i n g  p a r t i a l l y  d i s a p p e a r e d  i n d i c a t i n g  t h e  
r e v e r s i b l i t y  o f  t h e  w h i t e n i n g  e f f e c t .  A t  z e r o  l o a d ,  t h e  specimen r e t a i n e d  
some w h i t e n i n g  as shown i n  F i g u r e  4 . 1 1  ( d )  w h ic h  s h o u ld  be compared w i t h  
F i g u r e  4 . 1 1 ( a ) .  On r e l o a d i n g  t h e  s p e c im e n ,  t h e  w h i t e n i n g  a p p eared  a t  0 .2%  
s t r a i n  (compare F i g u r e  4 . 1 1 ( e )  w i t h  F i g u r e  4 . 1 1 ( b ) )  and t h e  specimen was 
i n t e n s e l y  w h i t e n e d  a t  0 .4%  s t r a i n ,  F i g u r e  4 . 1 1 ( f ) .  On u n l o a d i n g ,  t h e  
w h i t e n i n g  d i m i n i s h e s  b u t  a t  t h e  end o f  t h e  second c y c l e  t h e  specimen a p p e a r s
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w h i t e r  t h a n  a t  t h e  end o f  t h e  f i r s t  c y c l e  (compare  F i g u r e  4 . 1 1  ( d )  w i t h
F i g u r e  4 . 1 1 ( g ) ) .
A t  t h e  end o f  t h e  second c y c l e  t h e  spe cim en was removed f ro m  t h e  j a w s  o f  t h e  
I n s t r o n  t e n s i l e  t e s t i n g  m ac h ine  and ' a n n e a l e d '  i n  an oven a t  100°C f o r  30  
m in s .  A f t e r  t h i s  p e r i o d  i t  was a l l o w e d  t o  cool  t o  room t e m p e r a t u r e  and t h e n  
r e p l a c e d  i n  t h e  j a w s .  F i g u r e  4 . 1 1 ( h )  shows t h e  a p p e a r a n c e  o f  t h e  specimen  
a f t e r  t h i s  t r e a t m e n t .  The spe cimen  can c l e a r l y  be seen t o  have a l m o s t  
e n t i r e l y  l o s t  i t s  r e s i d u a l  w h i t e n i n g  and can be compared w i t h  F i g u r e  4 . 1 1 ( a )
w hic h i s  v e r y  s i m i l a r .  The w h i t e n i n g  e f f e c t ,  t h e r e f o r e ,  a p p e a r e d  t o  be
r e v e r s i b l e  w i t h  h e a t - t r e a t m e n t .  As t h e  specimen was l o a d e d  f o r  t h e  t h i r d  
t i m e ,  i t  was o b s e r v e d  t h a t  a t  0 .2 %  s t r a i n ,  F i g u r e  4 . 1 1 ( i ) ,  t h e  spec imen  
showed l e s s  s t r e s s - w h i t e n i n g  t h a n  a t  t h e  b e g i n n i n g  o f  t h e  second c y c l e ,
F i g u r e  4 . 1 1 ( e ) .  The spe cim en a l s o  showed more o f  t h e  re d c o l o u r  and l e s s  o f  
t h e  b l u e  when compared t o  F i g u r e  4 . 1 1 ( b )  so t h a t  t h e  specimen had a magenta  
hue .  D u r i n g  t h i s  t h i r d  c y c l e  a t r a n s v e r s e  p l y  c r a c k  a p p eared  a t  0 .3 5%  s t r a i n  
and as t h e  s t r a i n  was i n c r e a s e d  t o  0 .4%  more t r a n s v e r s e  p l y  c r a c k s  a p p e a r e d ,
F i g u r e  4 . 1 1  ( j ) .  On u n l o a d i n g  t h e  sp e c im en ,  t h e  w h i t e n i n g  p a r t i a l l y
d i s a p p e a r e d ,  F i g u r e  4 . 1 1 ( k ) .  A f t e r  a second a n n e a l i n g  t r e a t m e n t  f o r  3 0  m in s .  
a t  100°C t h e  w h i t e n i n g  a g a i n  d i s a p p e a r e d  w h i l e  t h e  t r a n s v e r s e  p l y  c r a c k s  
r e m a i n e d .  The specimen a l s o  a p p e a r e d  c l e a r e r  ( l e s s  c l o u d y )  and a magenta  hue 
was obs e r v e d  (compare  F i g u r e  4 . 1 1 ( 1 )  w i t h  F i g u r e  4 . 1 1 ( a ) ) .
F i g u r e  4 . 1 2  shows a s e r i e s  o f  p h o t o g r a p h s  o f  a 0 .5% BDMA l a m i n a t e  s i m i l a r  t o
t h e  one d e s c r i b e d  above b u t  w i t h  a 1 . 3  mm t h i c k  90°  p l y .  The i n i t i a l
a p p e a r a n c e  o f  t h e  specimen i n  F i g u r e  4 . 1 2 ( a )  a t  z e r o  a p p l i e d  s t r a i n ,  i s  
s i m i l a r  t o  t h a t  o f  t h e  specimen i n  F i g u r e  4 . 1 1 ( a ) .  A t  0 .3%  s t r a i n ,  ho w eve r ,  
t h e  specimen shows l e s s  w h i t e n i n g  when compared t o  t h e  specimen w i t h  an i n n e r  
p l y  t h i c k n e s s  o f  2 . 2  mm (co m pa re  F i g u r e  4 . 1 2 ( b )  w i t h  F i g u r e  4 . 1 1 ( c ) ) .  A s low  
g r o w in g  t r a n s v e r s e  p l y  c r a c k  was seen t o  d e v e lo p  a t  0 .4% s t r a i n  ( F i g u r e  
4 . 1 2 ( c ) )  w h i l e  t h e  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  l a m i n a t e  w i t h  t h e  2 . 2  mm 
i n n e r  p l y  wer e  i n s t a n t a n e o u s .  F i g u r e  4 . 1 2 ( d )  shows an i n c r e a s e d  number o f  
t r a n s v e r s e  p l y  c r a c k s  i n  t h e  l a m i n a t e  a t  0 .6% s t r a i n .
F i g u r e  4 . 1 3  shows a 0 . 5%  BDMA ( 0 , 9 0 ) s l a m i n a t e  w i t h  an i n n e r  p l y  t h i c k n e s s  o f  
0 . 5  mm. The f a b r i c a t i o n  o f  t h i s  p l y  i n v o l v e d  hand l a y i n g  i n d i v i d u a l  tows o f  
t h e  g l a s s  f i b r e s  ( 1 2 0 0  t e x )  on an open s q u are  met a l  f r a m e .  The tows w er e
f i x e d  t o  t h e  f ra m e u s i n g  a c y a n o a c r y l a t e  g l u e .  The o u t e r  0° p l i e s  w e r e  then
wound on as d e s c r i b e d  i n  s e c t i o n  3 . 1 . 3 .  An o u t e r  p l y  t h i c k n e s s  o f  0 . 6  mm was
a c h i e v e d  on e i t h e r  s i d e  o f  t h e  90 °  l a y e r  a f t e r  c u r i n g .  F i g u r e  4 . 1 3 ( a )  shows
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t h e  spe cimen  a t  z e r o  a p p l i e d  s t r a i n .  The b l u e  t r a n s v e r s e  bands t h a t  a p p e a r  
i n  t h e  specimen a r e  f i b r e  r i c h  r e g i o n s  ( o r  t o w s )  w h i l e  t h e  a r e a s  i n  bet ween  
t h e  bands a r e  r e s i n  r i c h  r e g i o n s  c o n t a i n i n g  a poor  d i s t r i b u t i o n  o f  f i b r e s  so
t h a t  t h e  b l u e  c o l o u r  i s  n o t  v i s i b l e  i n  t h e s e  a r e a s .  A t  0 .3 5%  s t r a i n  t h e
spe c im en  s t a r t e d  t o  a p p e a r  w h i t e r  i n  t h e  f i b r e  r i c h  r e g i o n s ,  F i g u r e  4 . 1 3 ( b ) .  
The w h i t e n i n g  c o n t i n u e d  t o  i n t e n s i f y  w i t h  i n c r e a s i n g  s t r a i n ,  F i g u r e  4 . 1 3 ( c )  
and ( d ) .  T r a n s v e r s e  p l y  c r a c k s  a p p eared  a t  0 .8% s t r a i n .  The spe cimen  was 
s t r a i n e d  t o  a b o u t  1.5% d u r i n g  w h ic h  t h e  d e n s i t y  o f  t r a n s v e r s e  c r a c k s
i n c r e a s e d . ,  F i g u r e  4 . 1 3 ( e )  shows t h e  same specimen a f t e r  u n l o a d i n g ,  and t h e  
w h i t e n i n g  i s  s t i l l  a p p a r e n t .  The specimen was removed fo rm  t h e  g r i p s  o f  t h e  
I n s t r o n  t e n s i l e  t e s t i n g  ma ch in e and a n n e a l e d  f o r  30  m i n s .  a t  100°C and t h e n  
a l l o w e d  t o  coo l  t o  room t e m p e r a t u r e .  F i g u r e  4 . 1 3 ( f )  shows t h e  d r a m a t i c  
change i n  t h e  a p p e a r a n c e  o f  t h e  sp e c im en .  The s t r e s s - w h i t e n i n g  had been  
c o m p l e t e l y  r e v e r s e d  w h i l e  t h e  t r a n s v e r s e  c r a c k s  w er e  s t i l l  a p p a r e n t .
Specimens f ro m  t h e  same l a m i n a t e s  wer e  r e - t e s t e d  a f t e r  s t r a i n i n g  and  
a n n e a l i n g .  The r e s u l t s  showed t h a t  t h e  w h i t e n i n g  r e a p p e a r e d  a t  s i m i l a r
s t r a i n s  as b e f o r e  a n n e a l i n g .  Edge p o l i s h e d  specimens f ro m  t h e  same l a m i n a t e  
w e r e  a l s o  examined un d er  a t r a n s m i s s i o n  o p t i c a l  m ic ro s c o p e  b e f o r e  and a f t e r  
h e a t - t r e a t m e n t .  The r e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  p r e s e n t e d  i n  s e c t i o n  4 . 2 . 3 .
The 90° u n i d i r e c t i o n a l  l a m i n a t e s  made w i t h  r e s i n  c o n t a i n i n g  0 .5% BDMA showed 
s i m i l a r  b e h a v i o u r  t o  t h e  two t h i c k e r  ( 0 , 9 0 ) s l a m i n a t e s  (2d = 2 . 2  mm and 1 . 3  
mm r e s p e c t i v l y )  b u t  a t  h i g h e r  s t r a i n  l e v e l s .  F i g u r e  4 . 1 4 ( a )  shows a specimen  
a t  z e r o  a p p l i e d  s t r a i n .  The specimen i s  b l u e  b u t  a p p e a r s  c l o u d y .  A t  0 .4%  
s t r a i n ,  F i g u r e  4 . 1 4 ( b )  t h e  specimen a p p e a r s  l e s s  c l o u d y  and a magenta  hue i s  
o b s e r v e d .  When t h e  specimen i s  u n l o a d e d ,  i t  r e g a i n s  i t s  c l o u d y  a p p e a r a n c e ,  
F i g u r e  4 . 1 4 ( c ) .  A f t e r  r e l o a d i n g ,  some w h i t e n i n g  i s  o b s e r v e d  on t h e  edge o f  
t h e  spe cimen  a t  0 .4% s t r a i n ,  F i g u r e  4 . 1 4 ( d ) ,  and c o n t i n u e s  to  i n c r e a s e .  J u s t  
a f t e r  0 .55% s t r a i n ,  F i g u r e  4 . 1 4 ( e ) ,  t h e  specimen f a i l e d  i n  t h e  g r i p s  w hich  
r e l i e v e d  i t  o f  l o a d ,  F i g u r e  4 . 1 4 ( f ) .  The o r i g i n a l  a p p e a r a n c e  o f  t h e  specimen  
i s  r e g a i n e d  and t h e  w h i t e n i n g  does n o t  a p p e a r  t o  have been r e t a i n e d  (compare  
F i g u r e  4 . 1 4 ( f )  w i t h  F i g u r e  4 . 1 4 ( a ) ) .
( b )  1 .5% BDMA l a m i n a t e s .
A s e r i e s  o f  p h o to g ra p h s  t a k e n  o f  a 1 .5% BDMA ( 0 , 9 0 ) s l a m i n a t e  w i t h  an i n n e r  
9 0°  p l y  t h i c k n e s s  o f  2 . 2  mm, o u t e r  p l i e s  = 0 . 6  mm, i s  shown i n  F i g u r e  4 . 1 5 .  
T h i s  spec imen  i s  g e o m e t r i c a l l y  e q u i v a l e n t  t o  t h e  0 .5 %  BDMA specimen shown i n  
F i g u r e  4 . 1 1 .  A t  0 .0 %  a p p l i e d  s t r a i n ,  F i g u r e  4 . 1 5 ( a ) ,  t h e  specimen a p p e a r e d
-  8 8  -
b l u e .  A t  0 .2% s t r a i n  i t  showed a s t r o n g  magenta c o l o u r ,  F i g u r e  4 . 1 5 ( b ) .  As 
t h e  s t r a i n  was i n c r e a s e d  t o  0 .2 5 %  t h e  specimen s t a r t e d  t o  w h i t e n .  The  
spe cimen  was th en  un lo ad ed  and a t  z e r o  a p p l i e d  s t r a i n ,  t h e  magenta  c o l o u r  was 
c o m p l e t e l y  removed,  F i g u r e  4 . 1 5 ( c ) .  On r e l o a d i n g  t h e  magenta c o l o u r  r e t u r n e d  
and w h i t e n i n g  app e a r e d  be tw ee n 0 . 2  and 0 . 25%  s t r a i n  and was c l e a r l y  o b s e r v e d  
a t  0 .3%  s t r a i n ,  F i g u r e  4 . 1 5 ( d ) .  As t h e  s t r a i n  was i n c r e a s e d  t h e  o r i g i n a l  
b l u e  c o l o u r  was e l i m i n a t e d  and r e p l a c e d  by a re d c o l o u r  su p er im posed  by a 
w h i t e n i n g  e f f e c t .  A t  0 . 3 5 %  s t r a i n ,  ' i n s t a n t a n e o u s *  t r a n s v e r s e  p l y  c r a c k s  
d e v e l o p e d  a c r o s s  t h e  w i d t h  o f  t h e  s p e c im e n ,  F i g u r e  4 . 1 5 ( e ) .  T h i s  r e s u l t e d  i n  
t h e  a p p e a r a n c e  o f  b l u e  bands on e i t h e r  s i d e  o f  t h e  t r a n s v e r s e  c r a c k s ,  b l u e  
b e i n g  t h e  o r i g i n a l  c o l o u r  o f  t h e  spe cim en a t  z e r o  l o a d .  The a p p e a r a n c e  o f  
t h e  b l u e  bands a m i d s t  t h e  r e d  and w h i t e  c o l o u r s  i n d i c a t e d  t h a t  t h e  c o l o u r s  
w e r e  a p r o p e r t y  o f  t h e  l a m i n a t e  and n o t  s i m p l y  a f u n c t i o n  o f  t h e  r e l a t i v e  
movements o f  t h e  specimen o r  c r o s s - h e a d  w i t h  r e s p e c t  t o  t h e  c a m e r a .  T h i s  
a l s o  c o n f i r m s  t h a t  t h e  c o l o u r  e f f e c t s  a r e  a s s o c i a t e d  w i t h  t h e  s t a t e  o f  s t r e s s  
i n  t h e  90 °  p l y .  On u n l o a d i n g  t h e  s pe c im en ,  t h e  c o l o u r s  d i s a p p e a r e d  and a t  
z e r o  a p p l i e d  s t r a i n  t h e  sp ecim en  app e a r e d  b l u e  w h i l e  t h e  t r a n s v e r s e  p l y  
c r a c k s  a p p e a r e d  as w h i t e  l i n e s ,  F i g u r e  4 . 1 5 ( f ) .
On r e l o a d i n g  t h e  specimen a s l i g h t  magenta hue was p r e s e n t  and more w h i t e n i n g  
was o b s e r v e d  a t  0 . 4%  s t r a i n ,  F i g u r e  4 . 1 5 ( g ) .  The w h i t e n i n g  c o n t i n u e d  t o  
i n c r e a s e  and a t  0 . 45%  s t r a i n  more t r a n s v e r s e  c r a c k s  w er e  produced w i t h  b l u e  
bands on e i t h e r  s i d e  o f  t h e  c r a c k s .  As t h e  l o a d  was i n c r e a s e d ,  t h e  r e d  
c o l o u r  and t h e  s t r e s s - w h i t e n i n g  i n  t h e  90° p l y  d e c r e a s e d  w i t h  i n c r e a s i n g  
number o f  t r a n s v e r s e  p l y  c r a c k s ,  F i g u r e  4 . 1 5 ( h ) .  A f t e r  l o n g i t u d i n a l
s p l i t t i n g  and f r a c t u r e  o f  t h e  .0° p l i e s  t h e  b l u e  c o l o u r  be tw een  t h e  
t r a n s v e r s e  p l y  c r a c k s  was o b s e r v e d  a g a i n  showing t h a t  i t  had been o b s c u r e d  by 
w h i t e n i n g  o r  b r i g h t e n i n g  o f  t h e  0 ° p l i e s  p r i o r  t o  f r a c t u r e ,  F i g u r e  4 . 1 5 ( 1 ) ) .
The 1 .5% BDMA l a m i n a t e  w i t h  an i n n e r  90°  p l y  t h i c k n e s s  o f  1 . 3  mm ( o u t e r  p l i e s
= 0 . 5 5 ' mm) showed s i m i l a r  b e h a v i o u r  t o  t h e  l a m i n a t e  w i t h  an i n n e r  p l y  o f  2 . 2
mm. F i g u r e  4 . 1 6 ( a )  shows t h e  spe cim en a t  z e r o  a p p l i e d  s t r a i n ,  i n  w h ic h  a 
f a i n t  b l u e  c o l o u r  can be s e e n .  A t  0 .2%  s t r a i n ,  F i g u r e  4 . 1 6 ( b ) ,  t h e  specimen  
shows t h e  d ev e lo p m en t  o f  a r e d  c o l o u r  wh ich  a p p e a r e d  i n i t i a l l y  a t  0 .1%
s t r a i n .  The r e d  c o l o u r  d e v e l o p e d  o v e r  t h e  e n t i r e  specimen and by 0 . 3%
s t r a i n ,  F i g u r e  4 . 1 6 ( c ) ,  w h i t e n i n g  had a p p eared  i n  t h e  sp e c im en .  A t  0 . 35%  
s t r a i n ,  F i g u r e  4 . 1 6 ( d ) ,  a s lo w  g r o w in g  t r a n s v e r s e  c r a c k  a p p e a r e d  i n  t h e  
spe cimen  accompanied by b l u e  bands on e i t h e r  s i d e  o f  t h e  c r a c k .  The bands  
a r e  n o t  as w id e  as t h o s e  o b s e r v e d  f o r  t h e  specimen w i t h  an i n n e r  p l y
t h i c k n e s s  o f  2 . 2  mm (co m pa re  w i t h  F i g u r e  4 . 1 5 ( e ) .  The w i d t h  o f  t h e  b l u e
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bands,  t h e r e f o r e ,  a p p e a r e d  t o  be p r o p o r t i o n a l  t o  t h e  t h i c k n e s s  o f  t h e  i n n e r
90° p l y  o f  t h e  l a m i n a t e .
Upon u n l o a d i n g  t h e  sp e c im e n ,  t h e  i n t e n s i t y  o f  t h e  r ed  c o l o u r  d i m i n i s h e d ,  
F i g u r e  4 . 1 6 ( e )  and t h e  specimen r e t u r n e d  t o  i t s  o r i g i n a l  b l u e  c o l o u r ,  F i g u r e  
4 . 1 6 ( f ) .  The t r a n s v e r s e  c r a c k  was s t i l l  a p p a r e n t  b u t  no w h i t e n i n g  c o u l d  be 
see n .  On r e l o a d i n g  t h e  spe cimen  t h e  c o l o u r s  r e a p p e a r e d ,  w h i l e  t h e  r e g i o n
around t h e  t r a n s v e r s e  p l y  c r a c k  r e m a i n e d  b l u e  s u g g e s t i n g  t h a t  t h i s  a r e a
r e m a in e d  u n a f f e c t e d  by t h e  l o a d .  A t  0 .4%  s t r a i n  a second s l o w - g r o w i n g  
t r a n s v e r s e  c r a c k  was o b s e r v e d ,  F i g u r e  4 . 1 6 ( g ) .  As t h e  s t r a i n  was i n c r e a s e d  
f u r t h e r  t h e  specimen be haved  s i m i l a r l y  t o  t h e  specimen w i t h  an i n n e r  p l y  
t h i c k n e s s  o f  2 . 2  mm, F i g u r e  4 . 1 5 ,  and showed i n s t a n t a n e o u s  t r a n s v e r s e  p l y  
c r a c k s ,  t h e  number o f  w h ic h  i n c r e a s e d  u n t i l  l o n g i t u d i n a l  s p l i t t i n g  and  
f r a c t u r e  o c c u r r e d  i n  t h e  0° p l i e s .
( c )  3 .0% BDMA l a m i n a t e s .
The 3 .0% BDMA l a m i n a t e s  ( 0 , 9 0 ) s l a m i n a t e s  w i t h  an i n n e r  90° p l y  o f  2 . 2  mm 
( o u t e r  p l i e s  = 0 . 5 5  mm) behaved  i n  a s i m i l a r  manner t o  t h e  1 .5% BDMA l a m i n a t e  
o f  e q u i v a l e n t  g e o m e t r y .  F i g u r e  4 . 1 7  shows t h e  3 .0 %  BDMA l a m i n a t e  a t  0 .4%  
s t r a i n .  The b l u e  bands on e i t h e r  s i d e  o f  t h e  t r a n s v e r s e  p l y  c r a c k s  a r e  
c l e a r l y  obser ve d a l o n g  w i t h  t h e  p r e s e n c e  o f  t h e  re d c o l o u r  and some
w h i t e n i n g .
F i g u r e  4 . 1 8  shows a 3 .0% BDMA l a m i n a t e  w i t h  an i n n e r  90° p l y  t h i c k n e s s  o f  1 . 3  
mm ( o u t e r  p l i e s  = 0 . 5 5  mm). F i g u r e  4 . 1 8 ( a )  shows t h e  specimen a t  z e r o
a p p l i e d  s t r a i n .  The specimen was t h e  mos t  t r a n s p a r e n t  o f  a l l  t h e  c r o s s - p l y
l a m i n a t e s .  . .A l a r g e  number o f  f i n e  t r a n s v e r s e  s t r i a t i o n s  w er e  seen i n  t h e  
spe cimen ,  r e p r e s e n t i n g  i s o l a t e d  c as es  o f  ' i n h e r e n t '  w h i t e n i n g .  The specimen  
a l s o  had a r ed  t i n g e  a t  z e r o  l o a d .  T h i s  d e v e l o p e d  as t h e  s t r a i n  was
i n c r e a s e d  to  0 . 2 5 % ,  F i g u r e  4 . 1 8 ( b ) .  A t  0 .35%  s t r a i n ,  s l o w - g r o w i n g  t r a n s v e r s e  
c r a c k s  ap p eared  i n  t h e  specimen w i t h  a s s o c i a t e d  b l u e  ban ds .  These were  
n a r r o w e r  t h a n  t h o s e  shown i n  F i g u r e  4 . 1 7  showing a g a i n  t h a t  t h e  w i d t h  o f  
t h e s e  bands i s  p r o p o r t i o n a l  t o  t h e  t h i c k n e s s  o f  t h e  i n n e r  90°  p l y .  Very
l i t t l e ,  i f  an y ,  w h i t e n i n g  was o b s e r v e d  p r i o r  t o  t r a n s v e r s e  c r a c k i n g .  The
specimen was l o a d e d  f u r t h e r  t o  0 . 3 5 %  s t r a i n  whe re  an a d d i t i o n a l  t r a n s v e r s e  
p l y  c r a c k  o c c u r r e d ,  F i g u r e  4 . 1 8 ( c ) .  The spe cim en was t h e n  u n l o a d e d .  
However ,  t r a n s v e r s e  p l y  c r a c k s  c o n t i n u e d  t o  d e v e l o p  d u r i n g  u n l o a d i n g  up t o  
0.25% s t r a i n  a f t e r  w hich t h e y  s t a b i l i s e d ,  F i g u r e  4 . 1 8 ( d ,  ( e )  and ( f ) ) .  A t
z e r o  a p p l i e d  s t r a i n ,  t h e  specimen r e t a i n e d  some re d n e s s  i n  a r e a s  between
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w i d e l y  spaced c r a c k s ,  F i g u r e  4 . 1 8 ( g ) .  A n n e a l i n g  t h e  specimen a t  100°C f o r  30  
m in s ,  and c o o l i n g  t o  room t e m p e r a t u r e  d i m i n i s h e d  t h e  r e d n e s s ,  F i g u r e  
4 . 1 8 ( h ) ) .
Summary.
0 .5% BDMA l a m i n a t e s .
From an o r i g i n a l  c l o u d y  b l u e  b e f o r e  l o a d i n g  t h e  specimen changed t o  magenta  
a f t e r  l o a d i n g ,  f o l l o w e d  by w h i t e n i n g  w h ic h  was p a r t i a l l y  r e v e r s i b l e  on 
u n l o a d i n g .  A n n e a l i n g  t h e  spe cimen  r e s t o r e d  i t  t o  i t s  o r i g i n a l  c o l o u r  b u t  t h e  
magenta  became more v i s i b l e  on t h e  second l o a d i n g .  The w h i t e n i n g  t h a t  
de v e lo p e d  g e n e r a l l y  a c r o s s  t h e  spe cim en c o u l d  be removed by a n n e a l i n g  w h i l e  
t h e  t r a n s v e r s e  c r a c k s  r e m a i n e d  v i s i b l e .  I n  t h e  c r o s s - p l y  l a m i n a t e  w i t h  t h e  
t h i n n e s t  i n n e r  p l y ,  t r a n s v e r s e  c r a c k s  o c c u r r e d  on e i t h e r  s i d e  o f  s t r e s s  
w h i t e n e d  r e g i o n s  i . e .  n e a r  t h e  b o u n d a r i e s  o f  r e s i n - r i c h  and r e s i n - p o o r  a r e a s .  
The 90°  u n i d i r e c t i o n a l  l a m i n a t e  shows s i m i l a r  c o l o u r  e f f e c t s  t o  t h e  c r o s s - p l y  
l a m i n a t e s  b u t  t h e  s t r a i n  r a n g e  o v e r  w h ic h  t h e y  o c c u r  i s  l a r g e r .
1.5% BDMA l a m i n a t e s .
These l a m i n a t e s  showed a w i d e r  ran g e  o f  c o l o u r  e f f e c t s .  From an o r i g i n a l  
b l u e ,  t h e  specimen changed c o l o u r  on l o a d i n g  t o  magenta  f o l l o w e d  by r e d .  
These c o l o u r s  wer e  r e v e r s i b l e  on u n l o a d i n g .  On f u r t h e r  l o a d i n g ,  w h i t e n i n g  o f  
t h e  specimen was o b s e r v e d .  When t r a n s v e r s e  c r a c k s  d e v e l o p e d  a sm al l  r e g i o n  
on e i t h e r  s i d e  o f  t h e  c r a c k  was i m m e d i a t e l y  t u r n e d  b l u e .  The w i d t h  o f  th e
b l u e  bands was l a r g e r  f o r  l a r g e r  t h i c k n e s s e s  o f  t h e  i n n e r  p l y .  On r e l o a d i n g ,
t h e  specimen showed c o l o u r  changes a g a i n  e x c e p t  i n  t h e  a r e a s  n e a r  t o  a 
t r a n s v e r s e  c r a c k  wh ich re m a in e d  b l u e .  W h i t e n i n g  o f  t h e  0° p l i e s  was o b s e r v e d  
a t  h i g h e r  s t r a i n s .  The l a m i n a t e  specimens w i t h  t h i c k  i n n e r  p l i e s  showed 
i n s t a n t a n e o u s  c r a c k  g ro wth  w h i l e  t h o s e  w i t h  t h i n n e r  i n n e r  p l i e s  showed s l o w ,  
c o n t r o l l e d  g ro wth  o f  t r a n s v e r s e  c r a c k s  w i t h  i n c r e a s i n g  s t r a i n .
3 .0% BDMA l a m i n a t e s .
The 3 .0% BDMA l a m i n a t e  w i t h  t h e  t h i c k e r  i n n e r  p l y  (2 d  = 2 . 2  mm) showed
s i m i l a r  b e h a v i o u r  t o  t h e  1 . 5  % BDMA l a m i n a t e  w i t h  an e q u i v a l e n t  i n n e r  p l y
t h i c k n e s s .  The specimen w i t h  t h e  t h i n n e r  i n n e r  p l y  (2d  = 1 . 3  mm) was t h e
most  t r a n s p a r e n t  o f  a l l  t h e  spe cimens and a t  z e r o  l o a d  was b l u e  w i t h  a r e d  
t i n g e  i n  p l a c e s .  As t h e  spe cimen  was l o a d e d  t h e  specimen dev e lo p e d  a re d
- 91 -
c o l o u r  and no s i g n i f i c a n t  w h i t e n i n g  was a p p a r e n t  b e f o r e  t r a n s v e r s e  p l y  
c r a c k i n g  o c c u r r e d .  The t r a n s v e r s e  c r a c k s  had b l u e  bands on e i t h e r  s i d e .  
T r a n s v e r s e  c r a c k i n g  c o n t i n u e d  f o r  somet ime d u r i n g  u n l o a d i n g .  A most  
i n t e r e s t i n g  o b s e r v a t i o n  was t h a t  t h e  red  c o l o u r  w hich d e v e lo p e d  d u r i n g  
l o a d i n g  was s t i l l  a p p a r e n t  i n  p l a c e s  a t  z e r o  l o a d ,  b u t  c o u l d  be removed by  
a n n e a l i n g  t h e  specimen f o r  a s h o r t  t i m e  a t  a 100 °C .
4 . 2 . 2 .  M a c r o - p h o t o g r a p h y .
M a c r o - p h o t o g r a p h y  (as  d e s c r i b e d  i n  s e c t i o n  3 . 3 . 2 )  was employed i n  o r d e r  t o  
o b t a i n  a more d e t a i l e d  v i e w  o f  t h e  w h i t e n i n g  i n  l a m i n a t e s ,  p r e v i o u s l y  
o b s e r v e d  by e y e .  The method was used o n l y  on s e l e c t e d  l a m i n a t e s  t o  h i g h l i g h t  
some i n t e r e s t i n g  f e a t u r e s ,  such as ' t e x t u r e ' ,  o f  t h e  w h i t e n i n g  e f f e c t .  
F i g u r e  4 . 1 9  shows t h e  r e s u l t s  o b t a i n e d  f o r  a 0 .5% BDMA ( 0 , 9 0 ) s l a m i n a t e  ( 6 0 0  
t e x  f i b r e s )  w i t h  an i n n e r  90°  p l y  t h i c k n e s s  o f  0 . 5  mm ( o u t e r  0° p l i e s  = 0 . 8
mm). A t  z e r o  a p p l i e d  s t r a i n ,  t h e  spec imen showed some ' i n h e r e n t '  w h i t e n i n g  
and f i n e  b r i g h t  l i n e s  w er e  o b s e r v e d  a c r o s s  t h e  cou po n,  F i g u r e  4 . 1 9 ( a ) .  As 
t h e  spec imen was l o a d e d ,  i t  d e v e lo p e d  a d d i t i o n a l  w h i t e n i n g .  T h i s  e f f e c t  was 
r e s o l v e d  by t h e  macro-zoom s y s te m .  The w h i t e n i n g  was o b s e r v e d  t o  be made up 
o f  a s e r i e s  o f  b r i g h t  l i n e s ,  F i g u r e  4 . 1 9 ( b ) .  The b r i g h t  l i n e s  a p p e a r e d  i n  
s h o r t  d i s c r e t e  l e n g t h s  s u g g e s t i n g  t h a t  e i t h e r  t h e  damage o c c u r r e d  i n  s h o r t  
d i s c r e t e  l e n g t h s  o r  t h a t  t h e  w i d t h  o f  t h e  specimen was t r a v e r s e d  by t h e  
damage b u t  n o t  a lw a ys  i n  a s t r a i g h t  l i n e  p a r a l l e l  t o  t h e  s u r f a c e  o f  t h e
sp e c im en .  T h i s  c o u l d  be a s s o c i a t e d  w i t h  i m p e r f e c t  a l i g n m e n t  o f  t h e
t r a n s v e r s e  f i b r e s  i f  t h e  damage f o l l o w e d  t h e  f i b r e  s u r f a c e  and d i r e c t i o n .
A t  a b o u t  0 .6% s t r a i n ,  s low  t r a n s v e r s e  p l y  c ra c k s  d e v e lo p e d  f rom t h e  edge o f
t h e  specimen and t r a v e r s e d  a l o n g  t h e  w i d t h  o f  t h e  cou pon .  F i g u r e  4 . 1 9 ( c )
shows t h e  specimen a t  z e r o  l o a d  a f t e r  a p p l y i n g  a s t r a i n  o f  0 . 7 % .  The a r e a s  
on e i t h e r  s i d e  o f  t h e  t r a n s v e r s e  p l y  c r a c k s  show l e s s  w h i t e n i n g  compared t o  
t h e  r e s t  o f  t h e  l a m i n a t e .  W h i t e n i n g  was s t i l l  v i s i b l e  and was r e t a i n e d  a t
z e r o  l o a d  i n  t h e  r e s t  o f  t h e  l a m i n a t e .  F i g u r e  4 . 1 9 ( d )  shows a m a g n i f i e d  v i e w
o f  a c r a c k  t i p .  The c r a c k  t i p  a p p e a r s  br anc hed  and s p l a y e d  s u g g e s t i n g  t h a t  
t h e  t r a n s v e r s e  p l y  c r a c k  f r o n t  grew u n e v e n l y  i n  l e n g t h  a c r o s s  t h e  t h i c k n e s s  
and w i d t h  o f  t h e  90°  p l y .  The r e s e m b l a n c e  o f  t h e  f i n e  b r i g h t  l i n e s  on a more  
l o c a l i s e d  s c a l e  t o  t h e  a p p e a r a n c e  o f  a t r a n s v e r s e  p l y  c r a c k  s u g g es ts  t h a t  t h e
w h i t e n i n g  o c c u r s  th r o u g h  a s i m i l a r  mechanism r e s p o n s i b l e  f o r  making t h e
t r a n s v e r s e  c r a c k  v i s i b l e ,  i . e .  s c a t t e r i n g  o f  l i g h t  a t  new i n t e r f a c e s ,  c r e a t e d  
i n  t h e  l a m i n a t e  as a r e s u l t  o f  an a p p l i e d  s t r e s s .  As t h e  s t r a i n  i s
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i n c r e a s e d ,  t h e  d e n s i t y  o f  t r a n s v e r s e  p l y  c ra c k s  i n c r e a s e s  and w h i t e n i n g  i n  
t h e  0° p l i e s  o b s c u r e s  t h e  9 0 °  p l y .  L o n g i t u d i n a l  s p l i t s  w e r e  o b s e r v e d  i n  t h e  
0° p l i e s  a t  s t r a i n s  g r e a t e r  t h e n  2 . 0 % ,  F i g u r e  4 . 1 9 ( e ) .  T h i s  was f o l l o w e d  
c l o s e l y  by d e l a m i n a t i o n  be tw een  p l i e s ,  F i g u r e  4 . 1 9 ( f ) .  The r e l i e f  o f  s t r e s s  
i n  t h e  0° p l i e s  a l l o w s  t h e  t r a n s v e r s e  p l y  t o  become v i s i b l e  a g a i n .
A 90°  u n i d i r e c t i o n a l  l a m i n a t e  made w i t h  r e s i n  c o n t a i n i n g  0 .5% BDMA was a l s o  
t e s t e d  and o b s e r v e d  t h r o u g h  a macro-zoom l e n s .  F i g u r e  4 . 2 0  ( a )  shows t h e  
specimen a t  z e r o  a p p l i e d  s t r a i n .  Some w h i t e n i n g  was p r e s e n t  i n  t h e  l a m i n a t e
a t  z e r o  l o a d .  As t h e  s t r a i n  was a p p l i e d  t h e  specimen began t o  w h i t e n  f u r t h e r  
a t  0 .2% s t r a i n .  A ' t e x t u r e '  c o u l d  be seen so t h a t  i t  ap p eared  t h a t  t h e  
w h i t e n i n g  was a r e s u l t  o f  d i s c r e t e  i n d i v i d u a l  e v e n t s .  A t  0 .45%  s t r a i n  t h e
specim en a p p e a r e d  i n t e n s e l y  w h i t e n e d ,  F i g u r e  4 . 2 0 ( b ) .  The specimen f a i l e d  a t  
0.5% s t r a i n ,  r e l i e v i n g  t h e  l o a d .  The w h i t e n i n g  i n  t h e  specimen d i s a p p e a r e d
on t h e  r e l e a s e  o f  l o a d ,  F i g u r e  4 . 2 0 ( c ) .
U n i d i r e c t i o n a l  90° l a m i n a t e s  made w i t h  r e s i n  c o n t a i n i n g  3 .0%  BDMA w er e  a l s o
t e s t e d .  The " w h i t e n i n g "  seen i n  t h e  b l a c k  and w h i t e  p h o to g ra p h s  was a c t u a l l y  
prod uce d by a r e d d e n i n g  e f f e c t .  F i g u r e  4 . 2 1 ( a )  shows a 3 .0% BDMA specimen a t  
z e r o  a p p l i e d  s t r a i n  w her e  some " w h i t e n i n g "  i s  o b s e r v e d .  A d d i t i o n a l
" w h i t e n i n g "  o c c u r r e d  a t  a b o u t  0 .2% s t r a i n  and t h e  l e v e l  o f  " w h i t e n i n g "  
i n c r e a s e d  w i t h  i n c r e a s i n g  a p p l i e d  s t r a i n .  F i g u r e  4 . 2 1 ( b )  shows t h e  specimen  
a t  0 .3 5%  s t r a i n .  The " w h i t e n i n g "  app e a r e d  more d i f f u s e  t h a n  i n  t h e  0 . 5  %
BDMA specimens and no f i n e  l i n e s  c o u l d  be r e s o l v e d  a t  t h e  m a g n i f i c a t i o n  
a v a i l a b l e  s u g g e s t i n g  t h a t  t h e  damage c a u s i n g  t h e  " w h i t e n i n g "  was s m a l l e r  i n  
s i z e  f o r  t h e s e  l a m i n a t e s .  A f t e r  f a i l u r e ,  t h e “w h i t e n i n g " w a s  r e v e r s e d  as t h e  
specimen r each ed  z e r o  l o a d ,  F i g u r e  4 . 2 1 ( c ) .
The 90° u n i d i r e c t i o n a l  l a m i n a t e  made w i t h  0 .5% BDMA r e s i n  and t h e  120 t e x  
g l a s s  f i b r e s ,  w i t h  t h e  s t a r c h  f i n i s h ,  showed c o n s i d e r a b l e  w h i t e n i n g  a t  z e r o
l o a d .  T h i s  i s  shown i n  F i g u r e  4 . 2 2 ( a ) .  F i g u r e  4 . 2 2 ( b )  shows t h e  l a m i n a t e  a t
0.2% s t r a i n .  The spec imen shows l i t t l e  a d d i t i o n a l  w h i t e n i n g  w h ic h  a p p e a r e d  
t o  be r e t a i n e d  a f t e r  f a i l u r e ,  F i g u r e  4 . 2 2 ( c ) .
Summary.
M a c r o - p h o t o g r a p h y  showed t h a t  t h e  w h i t e n i n g  c o n s i s t e d  o f  a s e r i e s  o f  f i n e ,  
b r i g h t  l i n e s  o f  s h o r t  l e n g t h s  i n  t h e  90°  p l y  s i m i l a r  i n  a p p e a r a n c e  t o  
t r a n s v e r s e  p l y  c r a c k s  b u t  on a more l o c a l i s e d  s c a l e .  These w e r e  r e t a i n e d  o r
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rem a ined  v i s i b l e  a f t e r  u n l o a d i n g  t o  z e r o  l o a d  i n  t h e  0 .5% BDMA c r o s s - p l y  
l a m i n a t e  w i t h  an i n n e r  p l y  t h i c k n e s s  o f  0 . 5  mm, e x c e p t  i n  a r e a s  n e a r  a 
t r a n s v e r s e  p l y  c r a c k .  The t r a n s v e r s e  p l y  c r a c k  t i p  ( o r  f r o n t )  a p p e a r e d  
s p l a y e d  and grew u n e v e n l y  i n  l e n g t h  a c r o s s  t h e  w i d t h  and t h i c k n e s s  o f  t h e  90°
p l y . T h e  b r i g h t  l i n e s  w er e  n o t  v e r y  v i s i b l e  on removal  o f  l o a d  i n  t h e  0 .5%
BDMA u n i d i r e c t i o n a l  l a m i n a t e .  The 90 °  u n i d i r e c t i o n a l  l a m i n a t e s  made w i t h  
r e s i n  c o n t a i n i n g  a h i g h e r  l e v e l  o f  a c c e l e r a t o r  ( 3 .0 %  BDMA) a p p e a r e d  t o  
c o n t a i n  damage o f  a much f i n e r  s c a l e  t h a n  t h a t  shown by t h e  0 .5% BDMA 
l a m i n a t e ,  so t h a t  a t e x t u r e  c o u l d  n o t  be e a s i l y  d i s c e r n e d .  The " w h i t e n i n g "  
e f f e c t  i n  t h e  b l a c k a n d  w h i t e  p h o to g ra p h s  o f  t h e  h i g h  c u r e  l a m i n a t e  was 
a c t u a l l y  produced by a r e d d e n i n g  e f f e c t  i n  t h e  sp e c im e n s .
4 . 2 . 3 .  P o l i s h e d  edge m ic r o s c o p y  -  h e a l i n g  o f  m i c r o - c r a c k s .
The edges o f  some t e n s i l e  t e s t  specimens had been p o l i s h e d  p r i o r  t o  t e s t i n g
as d e s c r i b e d  i n  s e c t i o n  3 . 1 . 4 .  so t h a t  t h e  specimens  c o u l d  be exa m in ed  un d er
a t r a n s m i s s i o n  o p t i c a l  m i c r o s c o p e .  T r a n s m i t t e d  l i g h t  was used be cau se  i t  
p r o v e d  more i n f o r m a t i v e  t h a n  r e f l e c t e d  l i g h t  by p r o v i d i n g  s u b - s u r f a c e  
i n f o r m a t i o n .  I n  a d d i t i o n ,  t h e  c o n t r a s t  between t h e  g l a s s  f i b r e s  and t h e  
r e s i n  was p o o r e r  i n  r e f l e c t e d  l i g h t  t h a n  i n  t r a n s m i t t e d  l i g h t .  F i g u r e  
4 . 2 3 ( a )  shows a m ic ro g r a p h  o f  a s e c t i o n  o f  t h e  90° p l y  o f  a 0 .5% BDMA ( 0 , 9 0 ) s 
l a m i n a t e  w i t h  an i n n e r  p l y  t h i c k n e s s  o f  0 . 5  mm ( o u t e r  p l y  t h i c k n e s s  = 0 . 6
mm). The m ic r o g r a p h  was t a k e n  a t  z e r o  l o a d  p r i o r  t o  t e s t i n g .  C rac ke d f i b r e  
c r o s s - s e c t i o n s  o r  f i b r e  s p l i t s  a r e  o b s e r v e d  a t  z e r o  l o a d .  T h i s  t y p e  o f  
damage has a l r e a d y  been shown i n  s e c t i o n  4 . 1 . 2 ( a )  and i s  t h o u g h t  t o  be t h e
r e s u l t  o f  a c o m b i n a t i o n  o f  weak f i b r e s  and h i g h  i n t e r n a l  t h e r m a l  s t r a i n s  and
s t r o n g  f i b r e / r e s i n  bonds,  s e c t i o n  4 . 2 . 4 .
The specimen was s t r a i n e d  t o  0 .45%  r e s u l t i n g  i n  s i g n i f i c a n t  w h i t e n i n g  o f  t h e
s p e c im e n ,  see F i g u r e  4 . 1 3 ( c ) .  On removal  o f  t h e  l o a d ,  t h e  specimen r e t a i n e d
w h i t e n i n g  and was r e - e x a m i n e d  u n d e r  t h e  m ic r o s c o p e .  F i g u r e  4 . 2 3 ( b )  i s  a 
m ic r o g r a p h  o f  t h e  same s e c t i o n  o f  t h e  90 °  p l y  shown i n  f i g u r e  4 . 2 3 ( a )  a f t e r  
s t r a i n i n g .  A d d i t i o n a l  damage i s  ob s erved  a s s o c i a t e d  w i t h  f i b r e s  and i n  a r e a s  
w her e  t h e  f i b r e s  a p p e a r  t o  be i n  c o n t a c t .  The m i c r o - c r a c k s  w e r e  a s s o c i a t e d  
w i t h  f i b r e s  and e x t e n d e d  i n t o  t h e  r e s i n .  A f t e r  e x a m i n a t i o n  u n d e r  t h e  
m i c r o s c o p e ,  t h e  specimen was a n n e a l e d  i n  an oven a t  a t e m p e r a t u r e  o f  100°C 
f o r  3 0  m i n s . ,  a l l o w e d  t o  co o l  t o  room t e m p e r a t u r e ,  and t h e n  r e - e x a m i n e d  un d er  
t h e  m ic r o s c o p e .  F i g u r e  4 . 2 3 ( c )  shows t h e  r e s u l t  o b t a i n e d .  Most  o f  t h e  
c r a c k s  w hic h had d e v e lo p e d  i n  t h e  l a m i n a t e  a f t e r  s t r a i n i n g  w er e  n o t  v i s i b l e .
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T h i s  was acc ompanied by t h e  d i s a p p e a r a n c e  o f  s t r e s s - w h i t e n i n g  on t h e  
m a c r o s c o p ic  s c a l e  as shown i n  F i g u r e  4 . 1 3  ( f ) .
F i g u r e  4 . 2 3 ( d )  shows t h e  spec imen  a f t e r  r e - t e s t i n g  t o  a s t r a i n  o f  0 . 3 5 % .  A t  
t h i s  s t a g e  t h e  o r i g i n a l  c r a c k s  d i d  n o t  r e a p p e a r .  The specimen was t h e n  
s t r a i n e d  f u r t h e r  t o  0 . 6%  s t r a i n  a t  w hich p o i n t  t h e  c r o s s - h e a d  was r e v e r s e d  
and t h e  specimen u n l o a d e d .  F i g u r e  4 . 2 3 ( e )  shows t h e  u n lo a d e d  spe cim en a f t e r  
s t r a i n i n g  t o  0 . 6 % ,  and shows t h e  p r e s e n c e  o f  r e s i n  c r a c k s .  On co m p a r i n g  w i t h  
F i g u r e  4 . 2 3 ( b ) ,  t h e  c r a c k s  a p p e a r e d  much s m a l l e r  and f a i n t e r .  No t  a l l  c r a c k s  
o r i g i n a l l y  ob s erved  i n  F i g u r e  4 . 2 3 ( b )  had r e a p p e a r e d  so t h a t  some o f  t h e  
o r i g i n a l  c r a c k s  must  have been h e a l e d .  I n  some r e g i o n s ,  f o r  e x a m p l e , n e a r  t h e  
c r a c k  marked ' a '  i n  t h e  m i c r o g r a p h s ,  t h e  a n n e a l e d  m a t r i x  a p p e a r s  s t r o n g e r  
t h a n  t h e  o r i g i n a l  m a t e r i a l  s i n c e  a c r a c k  w hic h i n i t i a l l y  a p p e a r e d  a t  0 .45 %  
s t r a i n  d i d  n o t  r e a p p e a r  even a f t e r  s t r a i n i n g  t o  0 . 6 % .  F i g u r e  4 . 2 3 ( e )  a l s o  
shows c r e s c e n t  shaped debonds a r oun d  some f i b r e s  p r e v i o u s l y  a s s o c i a t e d  w i t h  
m a t r i x  c r a c k s .  On r e - a n n e a l i n g  t h e  s pe c im en ,  th e  r e s i n  c r a c k s  d i s a p p e a r e d  
a g a i n  w h i l e  t h e  r e g i o n s  ar oun d  t h e  g l a s s  f i b r e / r e s i n  i n t e r f a c e  s t i l l  showed  
c r e s c e n t  shaped debonds,  F i g u r e  4 . 2 3 ( f ) .  T h i s  s u g g e s t s  t h a t  t h e  h e a l i n g  
o c c u r r e d  o n l y  between r e s i n  s u r f a c e s  and n o t  a t  t h e  i n t e r f a c e .
These e x p e r i m e n t s  showed t h a t  t h e  a p p e a r a n c e  o f  a w h i t e n i n g  e f f e c t  i n  
l a m i n a t e s  c o u l d  be c o r r e l a t e d  w i t h  t h e  f o r m a t i o n  o f  m i c r o - c r a c k s  c l o s e  t o  t h e  
f i b r e / r e s i n  i n t e r f a c e .  T h i s  was c o n f i r m e d  by t h e  f a c t  t h a t  t h e  d i s a p p e a r a n c e  
o f  s t r e s s - w h i t e n i n g  was a s s o c i a t e d  w i t h  t h e  c o n c o m i t a n t  d i s a p p e a r a n c e  o f  t h e  
m i c r o - c r a c k s .  F u r t h e r  e v i d e n c e  o f  r e s i n  c r a c k i n g  was p r o v i d e d  by i n  s i t u  
m ic ro s c o p y  us in g  a s t r a i n i n g  s t a g e  ( S ee  s e c t i o n  4 . 2 . 4 . ) .
Summary.
S t r e s s - w h i t e n i n g  was found t o  be a s s o c i a t e d  w i t h  l o c a l i s e d  m i c r o - c r a c k s  w hich  
d e v e l o p e d  i n  t h e  r e s i n  bet ween c l o s e l y  spaced f i b r e s  a f t e r  s t r a i n i n g .  The  
c r a c k s  wer e  t a n g e n t i a l  and t h e  c r a c k  f a c e s  g e n e r a l l y  l a y  i n  a d i r e c t i o n  
normal  t o  t h e  l o a d i n g  a x i s  and p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  
f i b r e s  i n  t h e  90°  p l y .  The c r a c k s  o f t e n  e x t e n d e d  some way i n t o  t h e  r e s i n .  
A f t e r  h e a t - t r e a t m e n t  a t  100°C f o r  3 0  m in s .  many o f  t h e  c r a c k s  w hich had 
d e v e lo p e d  d u r i n g  s t r a i n i n g  became i n v i s i b l e  and t h e  obs e r v e d  w h i t e n i n g  was 
fo und  t o  d i s a p p e a r .  A f t e r  r e l o a d i n g  and a p p l y i n g  a s t r a i n  o f  0 . 3 5  %, most  o f  
t h e  o r i g i n a l  c r a c k s  s t i l l  r e m a in e d  i n v i s i b l e .  A f t e r  s t r a i n i n g  t o  0 . 6 0  % 
s t r a i n ,  a smal l  p r o p o r t i o n  o f  t h e  o r i g i n a l  c r a c k s  r e a p p e a r e d  b u t  w ere
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s m a l l e r .  Cracks wer e  th e n  o b s e r v e d  o n l y  around  f i b r e s  when p r e v i o u s l y  t h e y  
had e x t e n d e d  i n t o  t h e  r e s i n .  R e l a t i v e l y  lo n g  r e s i n  c r a c k s  w h ic h  had  
o r i g i n a l l y  appea red  a t  0 . 4 5  % s t r a i n  f a i l e d  t o  r e a p p e a r  a f t e r  t h e  spe cim en  
had been t a k e n  t o  a h i g h e r  s t r a i n  ( 0 . 6  % ) .  R e - a n n e a l i n g  t h e  spec imen  removed  
t h e  f i n e  c r a c k s .  However ,  some c r a c k s  n e a r  t h e  f i b r e / m a t r i x  i n t e r f a c e  
re m a in e d  v i s i b l e .  Th us,  i t  w ou ld  a p p e a r  t h a t  w h i l e  c r a c k s  i n  t h e  r e s i n  c o u l d  
be h e a l e d  by h e a t  t r e a t m e n t ,  t h e  a d h e s i o n  ar oun d t h e  f i b r e / m a t r i x  i n t e r f a c e  
c o u l d  n o t  be r e i n s t a t e d .
The o b s e r v a t i o n s  were  o n l y  p o s s i b l e  be cau se  s t r e s s - w h i t e n i n g  was r e t a i n e d  a t  
z e r o  l o a d .
4 . 2 . 4 .  I n  s i t u  o p t i c a l  m i c r o s c o p y .
I n  s i t u  m ic ro scopy  u s i n g  a s t r a i n i n g  s t a g e  r e p r e s e n t e d  a c o n s i d e r a b l e  
a d v a n t a g e  o v e r  t h e  method o f  m ic r o s c o p y  d e s c r i b e d  i n  s e c t i o n  4 . 2 . 3  s i n c e  i t  
a l l o w e d  c o n t i n u o u s  o b s e r v a t i o n  o f  t h e  dev e lo p m e n t  o f  low s t r a i n  damage i n  t h e  
l a m i n a t e s .  S e v e r a l  l a m i n a t e s  w er e  exa m in ed  u s i n g  t h e  s t r a i n i n g  s t a g e  and t h e  
r e s u l t s  o b t a i n e d  a r e  o u t l i n e d  b e l o w .
( a )  ( 0 , 90 ) s c r o s s - p l y  l a m i n a t e ,  0.5% BDMA, b = 0.8  mm, 2d = 0.5  mm.
F i g u r e  4 . 2 4  shows an edge on v ie w  o f  a s e c t i o n  o f  t h e  90°  p l y  i n  a ( 0 , 9 0 ) s 
l a m i n a t e  (0 .5 %  BDMA) w i t h  a t o t a l  9 0°  p l y  t h i c k n e s s  o f  0 . 5  mm and o u t e r  0°  
p l y  t h i c k n e s s  o f  0 . 8  mm ( l a m i n a t e  4 ) .  F i g u r e  4 . 2 4 ( a )  was t a k e n  p r i o r  t o  
t e s t i n g  and shows t h a t  t h e  l a m i n a t e  c o n t a i n s  a s u b s t a n t i a l  amount  o f  damage  
i n  t h e  form o f  f i b r e  s p l i t s .  An a r e a  o f  v e r y  c l o s e l y  spaced f i b r e s  on t h e  
r i g h t  hand s i d e  o f  t h e  p h o to g ra p h  shows damage i n  t h e  r e s i n  w h ic h  a p p e a r s  as 
dark  r e g i o n s  between f i b r e s .  The c o n t r a s t  between f i b r e s  and r e s i n  i s  p o o r .  
S e v e r a l  b r i g h t  sp o ts  o f  l i g h t  a r e  o b s e r v e d  between f i b r e s  t h a t  a r e  c l o s e  t o  
each o t h e r  s u g g e s t i n g  t h a t  t h e  g l a s s  f i b r e s  a r e  s e p a r a t e d  by a v e r y  t h i n  
l a y e r  o f  r e s i n .  The g l a s s  f i b r e s  t h e m s e l v e s  do n o t  t r a n s m i t  as much l i g h t  
because t h e  l i g h t  t r a v e l l i n g  t h r o u g h  t h e  g l a s s  f i b r e s  i s  d i f f u s e d  i n t o  th e  
s u r r o u n d i n g  r e s i n .
On s t r a i n i n g  t h e  spe cimen ,  t h e  c o n t r a s t  between f i b r e  and r e s i n  im p ro ve d  as 
shown i n  F i g u r e  4 . 2 4 ( b )  w h ic h  shows t h e  s e c t i o n  a t  a s t r a i n  o f  0 . 2 7 % .  As t h e  
specimen was s t r a i n e d  f u r t h e r ,  t h e  image became s t r e a k e d  w i t h  's ha do w s'  and 
i t  became d i f f i c u l t  t o  foc us  due t o  t h e  d e v e lo p m e n t  o f  s u b - s u r f a c e  damage.
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T h i s  made t h e  a d d i t i o n a l  damage d i f f i c u l t  t o  o b s e r v e .  T h i s  e f f e c t  i s  shown 
i n  F i g u r e  4 . 2 4 ( c )  w hich was t a k e n  a t  0 .6 %  s t r a i n .  A t  0 .8% s t r a i n ,  t h e  f i b r e  
c r o s s - s e c t i o n s  w er e  v e r y  p r o m i n e n t  and t h e  image had good c o n t r a s t ,  F i g u r e  
4 . 2 4 ( d ) .  A d d i t i o n a l  damage, i n  t h e  fo rm  o f  m i c r o - c r a c k s ,  was c l e a r l y  
o bs e r v e d  between f i b r e s  i n  c o n t a c t .  Most  damage i s  p e r p e n d i c u l a r  t o  t h e  
l o a d i n g  a x i s  and i s  n o t  c r e s c e n t  shaped  around t h e  f i b r e  i n  a c l a s s i c
‘ d e b o n d 1 s t y l e  b u t  ap p ears  t o  e x t e n d  i n t o  t h e  r e s i n .  F i g u r e  4 . 2 4 ( e )  was 
t a k e n  a t  0 . 94%  s t r a i n  and i s  a c l e a r  h i g h  c o n t r a s t  image showing  more  
m i c r o - c r a c k i n g .  Many o f  t h e  b r i g h t  s p o ts  o b s erved  e a r l i e r  be tw ee n g l a s s
f i b r e s  a r e  n o t  v i s i b l e .  F i g u r e  4 . 2 4 ( f )  shows t h e  image as t h e  l o a d  was
r educ ed  to  z e r o .  The m a j o r i t y  o f  damage i s  not  v e r y  v i s i b l e  a l t h o u g h  i n  some 
p l a c e s  f a i n t  shadows r e m a i n .  Some o f  t h e  b r i g h t  s p o ts  bet ween f i b r e s  
r e a p p e a r  as t h e  c r a c k s  l o s e  up s u g g e s t i n g  v e r y  good c o n t a c t  be tw ee n c r a c k e d  
f a c e s ,  f o r  e x a m p le ,  t h e  r e g i o n  bet ween f i b r e s  ‘ a 1 and 1b 1 i n  F i g u r e  4 . 2 4 ( e )  
and ( f ) .  The c o n t r a s t  bet ween t h e  g l a s s  f i b r e  and r e s i n  i s  a g a i n  r e d u c e d .  
F i g u r e  4 . 2 4 ( g )  shows a n o t h e r  r e g i o n  a t  z e r o  l o a d  where  t h e  m i c r o - c r a c k s  
w ere  r e t a i n e d  and w er e  more e a s i l y  v i s i b l e .
Summary.
The 90°  p l y  i n  t h e  above c r o s s - p l y  l a m i n a t e  c o n t a i n e d  a s u b s t a n t i a l  amount  o f  
damage p r i o r  t o  t e s t i n g .  F i b r e  s p l i t t i n g  was o b s e r v e d  w her e  f i b r e s  w er e  
c l o s e  t o g e t h e r  and bounded by a r e s i n - r i c h  a r e a  on one s i d e .  The c o n t r a s t
between f i b r e  and r e s i n  impro ve d as t h e  specimen was s t r a i n e d .  As
m i c r o - c r a c k i n g  d e v e l o p e d ,  t h e  image became s t r e a k e d  s i n c e  t h e  damage had n o t  
y e t  re a c h e d  t h e  s u r f a c e .  I t  i s  p o s s i b l e  t h a t  t h i s  spe cim en had been l o a d e d
s l i g h t l y  u n e v e n l y  s i n c e  d u r i n g  t h e  c o u r s e  o f  e a r l i e r  t r i a l s ,  i t  had been
o b s e r v e d  t h a t  specimens wer e  g r i p p e d  more t i g h t l y  on one edge due t o  a s l i g h t  
m a c h i n i n g  f a u l t  ( s e e  s e c t i o n  3 . 3 . 4 ) .  A h igh d e n s i t y  o f  m i c r o - c r a c k s  w e r e
o b s e r v e d .  The m a j o r i t y  o f  c r a c k s  w e r e  n o t  o f  t h e  " h a l f  moon" debond shape
commonly obser ve d i n  g l a s s  f i b r e / p o l y e s t e r  l a m i n a t e s  [ B 2 ] ,  b u t  e x t e n d e d  i n t o  
t h e  r e s i n ,  and w ere  a l s o  fou nd  between c l o s e l y  spaced f i b r e s .  The f i b r e s  
ap p eared  v e r y  p r o m i n e n t  u n d e r  s t r a i n .  Ve ry  l i t t l e  c o a l e s c e n c e  betw een  
m i c r o - c r a c k s  was o b s e r v e d .  When c o a l e s c e n c e  was o b s e r v e d  i t  o c c u r r e d  i n  
d e n s e l y  packed r e g i o n s  o r  a t  t h e  t i p  o f  a group o f  s p l i t  f i b r e s .  When t h e  
s t r a i n  i s  removed t h e  f i b r e s  l o s e  t h e i r  pr om in en ce  as c o n t a c t  between c r a c k e d  
s u r f a c e s  i s  r e - m a d e .  Some m i c r o - c r a c k s  a r e  r e t a i n e d  a t  z e r o  l o a d ,  a f t e r  
t e s t i n g .
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(b) (0 ,9 0 )s c ro s s -p ly  laminate ,  0.5% BDMA, b = 0.7 mm, 2d = 1 mm.
F i g u r e  4 . 2 5  shows a s e r i e s  o f  m i c r o g r a p h s  o b t a i n e d  f o r  a ( 0 , 9 0 ) s , 0 .5%  BDMA, 
specimen w i t h  an i n n e r  9 0 °  p l y  t h i c k n e s s  o f  1 mm ( o u t e r  0° p l i e s  = 0 . 7  mm) 
( l a m i n a t e  3 ) .  T h i s  specimen showed s i m i l a r  b e h a v i o u r  t o  t h e  specimen w i t h  an 
i n n e r  p l y  t h i c k n e s s  o f  0 . 5  mm. F i g u r e  4 . 2 5 ( a )  shows a r e p r e s e n t a t i v e  s e c t i o n  
o f  t h e  90°  p l y ,  a t  z e r o  l o a d ,  n e a r  t h e  0 / 9 0  p l y  i n t e r f a c e .  The c o n t r a s t  
bet ween g l a s s  and r e s i n  i s  a g a i n  l o w .  Some f i b r e  s p l i t t i n g  i s  o b s e r v e d  i n  
t h e  90° p l y ,  a l t h o u g h  n o t  as much as t h a t  o b s e r v e d  i n  t h e  c r o s s - p l y  l a m i n a t e  
w i t h  t h e  t h i n n e r  t r a n s v e r s e  p l y .  A g a i n  t h e  s p l i t s  u s u a l l y  ap p e a r  where  
f i b r e s  w hich a r e  c l o s e  t o g e t h e r  a r e  s u r r o u n d e d  by r e s i n - r i c h  r e g i o n s .  A 
gro up  o f  t h r e e  o r  more f i b r e  s p l i t s  u s u a l l y  showed a c h a r a c t e r i s t i c  a r c  shape  
as shown i n  F i g u r e  4 . 2 5 ( a ) .  As t h e  l o a d  was a p p l i e d  t o  t h e  sp e c im e n ,  
m i c r o - c r a c k s  a p p eared  a t  a b o u t  0 . 2 %  s t r a i n  and i n c r e a s e d  i n  s i z e  and number  
as t h e  s t r a i n  was i n c r e a s e d  f u r t h e r .  The f i b r e  c r o s s - s e c t i o n s  became 
b r i g h t e r  and more p r o m i n e n t .  T h i s  e f f e c t  i s  shown i n  F i g u r e  4 . 2 5 ( b )  w h ic h  
was t a k e n  as t h e  s t r a i n  r e a c h e d  0 . 2 7 %  ( N o t e  t h a t  t h e  r e g i o n  b e i n g  examined  
has moved s l i g h t l y  t o w a rd s  t h e  r i g h t ) .
F i g u r e  4 . 2 5 ( c )  shows a t r a n s v e r s e  p l y  c r a c k  which d e v e lo p e d  i n s t a n t a n e o u s l y  
a c r o s s  t h e  specimen edge on f u r t h e r  l o a d i n g .  The c r a c k  was a r r e s t e d  a t  t h e  
0 / 9 0  i n t e r f a c e .  The f i b r e s  i n  t h e  v i c i n i t y  o f  t h e  t r a n s v e r s e  c r a c k  l o s t  
t h e i r  pr om inence  and m i c r o - c r a c k s  i n  t h e  r e g i o n  o f  t h e  t r a n s v e r s e  c r a c k  
c l o s e d  up ,  shown by t h e  r e a p p e a r a n c e  o f  t h e  b r i g h t  s p o ts  i n  betw een f i b r e s .  
The c l o s i n g  up o f  c r a c k s  h e r e  was n o t  e n t i r e l y  e v e n ,  s i n c e  c r a c k s  n e a r  t h e  
f i b r e s  marked 1 ,  2 ,  3 ,  f o r  e x a m p le ,  on t h e  f a r  r i g h t  o f  t h e  m ic r o g r a p h  c l o s e d  
up w h i l e  t h o s e  n e a r  f i b r e s  4 and 5 d i d  n o t .  The s i z e  o f  t h e  s t r e s s  r e l i e v e d  
r e g i o n  was,  t h e r e f o r e ,  d i f f i c u l t  t o  d e t e r m i n e  a t  t h e  m i c r o s c o p i c  l e v e l .  A 
c e r t a i n  amount o f  s p a t i a l  d i s t o r t i o n  compared t o  F i g u r e  4 . 2 5 ( b )  was a l s o  
o bs e r v e d  i n d i c a t i n g  t h e  r e l a x a t i o n  o f  t h e  m a t r i x  ar oun d  t h e  c r a c k s .  F i g u r e  
4 . 2 5 ( d )  shows t h e  l e f t  b r a n c h  o f  t h e  t r a n s v e r s e  c r a c k .  The specimen was 
moved t o w a rd s  th e  r i g h t .  A g a in  t h e  a r e a  on t h e  l e f t  o f  t h e  t r a n s v e r s e  c r a c k  
app e a r e d  r e l a x e d  and t h e  f i b r e  c r o s s - s e c t i o n s  w er e  n o t  as p r o m i n e n t  as t h o s e  
on t h e  f a r  r i g h t  o f  t h e  c r a c k .  The a r e a  n e a r  t h e  c r a c k ,  t h e r e f o r e ,  showed a 
c e r t a i n  amount  o f  s t r e s s  r e l i e f  w h i l e  t h e  r e m a i n d e r  o f  t h e  specimen was s t i l l  
l o a d e d  (0 .3 %  a p p l i e d  s t r a i n ) .  F i g u r e  4 . 2 5 ( e )  shows t h e  o p p o s i t e  end o f  t h e  
c r a c k  on t h e  same e d g e .  The c r a c k  i s  b r a n c h e d  and t h e  a s s o c i a t e d  
m i c r o - c r a c k s  a r e  c l e a r l y  o b s e r v e d .  C r e s c e n t  shaped debonds a r e  seen a t  t h e  
0 / 9 0  p l y  i n t e r f a c e .  F i g u r e  4 . 2 5 ( f )  g i v e s  an o v e r v i e w  o f  t h e  c r a c k  a t  a l o w e r  
m a g n i f i c a t i o n  and shows t h e  a r e a  e x a m in e d .
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Summary.
F i b r e  s p l i t s  wer e  o b s e r v e d  i n  r e g i o n s  whe re  c l o s e l y  spaced f i b r e s  wer e  bound  
on one s i d e  by r e s i n - r i c h  a r e a s .  A group o f  t h r e e  o r  more f i b r e  s p l i t s  
showed a c h a r a c t e r i s t i c  a r c  s h a p e .  As th e  s t r a i n  was i n c r e a s e d ,  f i b r e s  
became more p r o m i n e n t .  M i c r o - c r a c k s  d e v e l o p e d  between c l o s e l y  spaced f i b r e s .  
A t r a n s v e r s e  p l y  c r a c k  d e v e lo p e d  i n s t a n t a n e o u s l y  i n  t h e  r e g i o n  u n d e r  
e x a m i n a t i o n .  The t r a n s v e r s e  c r a c k  cause d a s p a t i a l  d i s t o r t i o n  and r e l a x a t i o n  
i n  t h e  n e a rb y  r e g i o n s .  I t  a l s o  had f i n e  b r an che s and was made up o f  r e s i n  
c r a c k s ,  debonds and f i b r e  s p l i t s .
( c )  ( 0 , 9 0 ) s c r o s s - p l y  l a m i n a t e ,  0 . 5  % BDMA, b = 0 . 6 5  mm, 2d = 2 mm.
F i g u r e  4 . 2 6  shows a s e c t i o n  o f  a 0 .5 %  BDMA, ( 0 , 9 0 ) s l a m i n a t e ,  w i t h  an i n n e r  
90°  p l y  o f  2 mm ( o u t e r  0°  p l i e s  = 0 . 6 5  mm) t a k e n  a t  z e r o  l o a d  a f t e r  s t r a i n i n g  
t o  0 . 35%  s t r a i n .  F i g . 4 . 2 6 ( a )  and ( b )  show t h e  edge o f  t h e  l a m i n a t e  i n c l u d i n g  
bo t h  0 / 9 0  p l y  i n t e r f a c e s .  Both  m i c r o g r a p h s  show how t h e  damage i s
c o n c e n t r a t e d  n e a r  t h e  0 / 9 0  p l y  i n t e r f a c e s  and how t h e  c r a c k s  a s s o c i a t e d  w i t h  
t h e  f i b r e s  d e c r e a s e  i n  s i z e  and number t o w a rd s  t h e  m i d d l e  o f  t h e  p l y .  T h i s  
su g g e s t s  t h a t  t h e  s t r e s s e s  n e a r  t h e  p l y  i n t e r f a c e s  a r e  h i g h e r  t h a n  t h o s e  
to w a rd s  t h e  m i d d l e  o f  t h e  90°  p l y .  Such a s t r e s s  d i s t r i b u t i o n  c o u l d  be t h e  
r e s u l t  o f  t h e r m a l  s t r e s s e s  w h ic h  may be h i g h e r  n e a r  t h e  p l y  i n t e r f a c e s ,  
p a r t i c u l a r l y  a t  t h e  f r e e  e d g e .  M i c r o - c r a c k s  i n  t h e i r  i n i t i a l  s t a g e s ,  i n  
w hich d a r k  'shad ow s'  a p p e a r  ar ou nd p o i n t s  o f  c o n t a c t  between f i b r e s ,  a r e
d i s t r i b u t e d  t h r o u g h o u t  t h e  p l y ,  F i g u r e  4 . 2 6 ( c ) .  The i n i t i a l  s t a g e s  o f  
m i c r o - c r a c k i n g  a r e  exa mine d much more c l o s e l y  f o r  a 1.5% BDMA, ( 0 , 9 0 ) s 
l a m i n a t e  w i t h  an i n n e r  90 °  p l y  1 mm and o u t e r  0° p l i e s  o f  0 . 8  mm s i n c e  
t h e  m a j o r i t y  o f  m i c r o - c r a c k s  i n  t h i s  l a m i n a t e  d i d  n o t  pr oc eed  beyond t h i s  
s t a g e  p r i o r  t o  t r a n s v e r s e  p l y  c r a c k i n g .
Summary.
The most  i m p o r t a n t  r e s u l t  t h a t  emerged f ro m  t h e s e  o b s e r v a t i o n s  was t h e  
c o n c e n t r a t i o n  o f  m i c r o - c r a c k i n g  n e a r  t h e  0 / 9 0  p l y  i n t e r f a c e .  The c r a c k s  n e a r  
bo t h  0 / 9 0  p l y  i n t e r f a c e s  w er e  more adv an ce d and numerous w h i l e  t o w a r d  t h e
m i d d l e  o f  t h e  p l y  v e r y  fe w  a d v an ced  c r a c k s  w er e  o b s e r v e d  and o n l y  some
'sh ado ws'  w er e  obs e r v e d  b e tw een  f i b r e s .
(d) (0 ,90 )s c ro ss -p ly  lamina te ,  1.5% BDMA, b = 0.8 mm, 2d = 1 mm.
F i g u r e  4 . 2 7 ( a )  shows a s e c t i o n  o f  t h e  90° p l y  n e a r  t h e  0 / 9 0  p l y  i n t e r f a c e  a t  
z e r o  a p p l i e d  l o a d  p r i o r  t o  t e s t i n g .  Some f i b r e  s p l i t s  a p p e a r  n e a r  t h e  0 / 9 0
p l y  i n t e r f a c e  b u t  dar k  's h a d o w s '  n e a r  t h e  g l a s s  f i b r e / r e s i n  i n t e r f a c e  and 
arou nd t h e  p o i n t s  o f  c o n t a c t  between f i b r e s  a r e  a l s o  o b s e r v e d  showing t h a t  
some c r a c k i n g  had a l r e a d y  o c c u r r e d  p r i o r  t o  l o a d i n g .  F u r t h e r  away f ro m t h e
p l y  i n t e r f a c e ?  t h e  l a m i n a t e  showed v e r y  l i t t l e  damage. F i g u r e  4 . 2 7 ( b )  shows 
t h e  same s e c t i o n  a t  a s t r a i n  o f  0 .1 5%  (Some f i b r e  c r o s s - s e c t i o n s  a r e  marked  
by numbers f o r  e a s y  r e f e r e n c e ) .  A d d i t i o n a l  damage was o b s e r v e d  be tw een  f i b r e s  
i n  c o n t a c t .  The damage o c c u r r e d  f i r s t  n e a r  t h e  0 / 9 0  p l y  i n t e r f a c e .  The  
m i c r o - c r a c k s  n e a r  t h e  p l y  i n t e r f a c e s  grew w i t h  i n c r e a s i n g  a p p l i e d  l o a d .  
F i g u r e  4 . 2 7 ( c )  shows a m a g n i f i e d  v i ew  o f  F i g u r e  4 . 2 7 ( b ) .
A t  0.2% s t r a i n , F i g u r e  4 . 2 7 ( d ) )  m i c r o - c r a c k s  wer e  seen t o  d e v e lo p  f u r t h e r  away 
f ro m  t h e  p l y  i n t e r f a c e  (compare  r e g i o n s  n e a r  f i b r e s  7 and 8 ,  and 9 and 10 i n
F i g u r e  4 . 2 7  ( d )  w i t h  t h e  same i n  F i g u r e  4 . 2 7 ( c ) ) .  F i g u r e  4 . 2 7 ( e )  shows t h e
m i c r o - c r a c k s  a t  0 . 2 5 %  s t r a i n .  The c r a c k s  c o n t i n u e d  t o  grow i n  s i z e  w h i l e  
o t h e r s  i n i t i a t e d  i n  r e g i o n s  away f ro m  t h e  p l y  i n t e r f a c e .  F i g u r e  4 . 2 7 ( f ) ,  
o b t a i n e d  j u s t  b e f o r e  r e a c h i n g  0 . 3 %  s t r a i n ,  shows a s h e a r  d i s t o r t i o n  o f  t h e  
s e c t i o n  to w a rd s  t h e  r i g h t  o f  t h e  m ic r o g r a p h  due to  t h e  o c c u r r e n c e  o f  a 
t r a n s v e r s e  p l y  c r a c k  n e a r b y .  T h i s  d i s t o r t i o n  makes t h e  m i c r o - c r a c k s  t h a t  
wer e i n  t h e i r  i n i t i a l  s t a g e s  much more v i s i b l e ,  see f i b r e s  marked 11 and 12 
i n  F i g u r e  4 . 2 7 ( e )  and ( f ) .  When t h e  s e c t i o n  was moved t o w a r d s  t h e  r i g h t ,  t h e  
d i s t o r t i o n  was more v i s i b l e  and t h e  t r a n s v e r s e  p l y  c r a c k  c o u l d  be o b s e r v e d ,  
F i g u r e  4 . 2 7 ( g ) .  I t  can be seen t h a t  t h e  t r a n s v e r s e  p l y  c r a c k  p a t h  has gone  
th r o u g h  f i b r e  s p l i t s ,  ar oun d  f i b r e / m a t r i x  i n t e r f a c e s  ( c l a s s i c  debond)  and  
t h r o u g h  r e s i n .  F i g u r e  4 . 2 7 ( h )  shows t h e  w ho le  t r a n s v e r s e  p l y  c r a c k .  F i g u r e  
4 . 2 7 ( i ) shows t h e  t r a n s v e r s e  p l y  c r a c k  r e g i o n  a t  z e r o  l o a d .  Many o f  t h e  
m i c r o - c r a c k s  have c l o s e d  up and o n l y  'shadows'  a r e  now v i s i b l e  i n  t h e i r  
p l a c e .  The s h e a r  d i s t o r t i o n  i s  a l s o  removed a t  z e r o  l o a d .
Summary.
The specimen c o n t a i n e d  s m a l l  r e s i n  c r a c k s  n e a r  t h e  0 / 9 0  p l y  i n t e r f a c e  p r i o r  
t o  t e s t i n g .  Some f i b r e  s p l i t s  w e r e  a l s o  o b s e r v e d .  The f i b r e  c r o s s - s e c t i o n s  
wer e more p r o m i n e n t  a t  z e r o  l o a d  compared t o  t h e  e q u i v a l e n t  0 .5% BDMA 
l a m i n a t e s  and t h e  c o n t r a s t  bet ween f i b r e  and r e s i n  was b e t t e r .  (The  specimen
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a p p e a r e d  l e s s  c l o u d y  on a m a c r o s c o p i c  s c a l e ) .  As t h e  specimen was s t r a i n e d ,  
' s ha do w s'  a p p e a r e d  bet ween c l o s e l y  spa ce d f i b r e s ,  f i r s t  n e a r  t h e  0 / 9 0  p l y  
i n t e r f a c e  and t h e n  n e a r  f i b r e s  t o w a rd s  t h e  c e n t r e  o f  t h e  t r a n s v e r s e  p l y .  The  
c r a c k s  w er e  s m a l l e r  i n  s i z e  compared t o  t h o s e  i n  t h e  0 .5 %  BDMA l a m i n a t e s  and  
w e r e  more d i f f i c u l t  t o  o b s e r v e .  An i n s t a n t a n e o u s  t r a n s v e r s e  p l y  c r a c k  
a p p e a r e d  n e a r  t h e  r e g i o n  u n d e r  e x a m i n a t i o n  c a u s in g  a s p a t i a l  d i s t o r t i o n  and  
r e l a x a t i o n  i n  t h e  r e g i o n .  A t  z e r o  l o a d  t h e  m a j o r i t y  o f  c r a c k s  a p p e a r e d  t o  
c l o s e  up .
( e )  3 . 0  % BDMA l a m i n a t e s .
The o b s e r v a t i o n  o f  m i c r o - c r a c k s  i n  t h e  3 .0% BDMA l a m i n a t e s  was d i f f i c u l t  
u s i n g  o p t i c a l  m ic ro s c o p y  and o n l y  i n i t i a l  s t a g e s  o f  m i c r o - c r a c k i n g  w er e  
o b s e r v e d  p r i o r  t o  t r a n s v e r s e  p l y  c r a c k i n g .
4 - 2 . 5 .  F r a c t o g r a p h y .
( a )  O p t i c a l  m i c r o s c o p y .
The t r a n s v e r s e  f r a c t u r e  p a t h  i n  u n i d i r e c t i o n a l  90 °  specimens was exam ined  
u s i n g  a t r a n s m i s s i o n  o p t i c a l  m ic r o s c o p e  t o  see i f  t h e  u n d e r l y i n g  
m i c r o - c r a c k i n g  b e h a v i o u r  was r e f l e c t e d  i n  th e  f r a c t u r e  p a t h  t a k e n .  F i g u r e  
4 . 2 8  shows p a r t  o f  a t r a n s v e r s e  f r a c t u r e  f o r  a 90°  u n i d i r e c t i o n a l ,  0 .5%  BDMA 
l a m i n a t e  ( l a m i n a t e  1 ) .  The r e g i o n s ,  b o t h  n e a r  t h e  f r a c t u r e  and away f ro m  t h e  
f r a c t u r e  show t h e  p r e s e n c e  o f  m i c r o - c r a c k s  p e r p e n d i c u l a r  t o  t h e  l o a d i n g  a x i s .  
The f i b r e s  on t h e  f r a c t u r e d  edge s t i l l  a d h ere  to  t h e  r e s t  o f  t h e  l a m i n a t e .  
F i g u r e  4 . 2 9  shows t h e  f r a c t u r e  p a t h  t h r o u g h  a 90° u n i d i r e c t i o n a l  spe cimen  o f  
t h e  l a m i n a t e  made w i t h  120 t e x  g l a s s  f i b r e s  c o a te d  w i t h  s t a r c h  i n  a r e s i n  
c o n t a i n i n g  0 .5%  BDMA ( l a m i n a t e  1 3 ) .  The f r a c t u r e  shows a number o f  l o o s e  and  
c o m p l e t e l y  debonded f i b r e s  and c o n s i s t s  m a i n l y  o f  w e l l  d e f i n e d  i m p r e s s i o n s  o f  
f i b r e s  where  t h e y  had been i n  c o n t a c t  w i t h  t h e  r e s i n .  The f r a c t u r e  p a t h  has  
f i n e  b r anc hes  made up o f  c r e s c e n t  shaped debonds.  The f r a c t u r e  p a t h  c o n f i r m s  
t h a t  t h e  l a m i n a t e  w i t h  t h e  s t a r c h  f i n i s h  g l a s s  f i b r e s  had a p oo r  f i b r e /  
m a t r i x  bond so t h a t  i n s t e a d  o f  r e s i n  c r a c k s  a l a r g e  number o f  c r e s c e n t  shaped  
debonds w er e  o b s e r v e d  and a l s o  a number o f  l o o s e  f i b r e s .
F i g u r e  4 . 3 0  shows a f r a c t u r e  p a t h  t h r o u g h  a 90° u n i d i r e c t i o n a l  spe cimen  made 
w i t h  r e s i n  c o n t a i n i n g  1.5% BDMA r e s i n  and s i l a n e  c o a t e d  g l a s s  f i b r e s  
( l a m i n a t e  5 ) .  The im m e d ia t e  d i f f e r e n c e  on compar ing t h e  m i c r o g r a p h  w i t h  t h a t
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shown i n  F i g u r e  4 . 2 8  i s  t h a t  no m i c r o - c r a c k s  a r e  v i s i b l e  n e a r  t h e  f r a c t u r e .  
The c o n t r a s t  between f i b r e  and r e s i n  i s  b e t t e r  t h a n  i n  t h e  0 .5% BDMA m a t r i x .  
The f r a c t u r e  i n  t h e  0 .5%  BDMA m a t r i x  has ca u sed  t h e  f r a c t u r e d  edge o f  t h e  
spec imen  t o  de form  so t h a t  t h e  spec imen s u r f a c e  n e a r  t h e  edge i s  n o t  on t h e  
same l e v e l  as t h e  r e s t  o f  t h e  s u r f a c e .  The f r a c t u r e  i n  t h e  h i g h e r  c u r e  r e s i n  
( 1 .5 %  BDMA) ap p ear s  t o  be more b r i t t l e  i n  n a t u r e  and t h e  s u r f a c e  n e a r  t h e  
f r a c t u r e d  edge i s  l e v e l  w i t h  t h e  s u r f a c e  f u r t h e r  away f ro m  t h e  f r a c t u r e .
F i g u r e  4 . 3 1  shows a s e c t i o n  o f  a f r a c t u r e  f ro m  t h e  90° u n i d i r e c t i o n a l  
l a m i n a t e  w i t h  0 .5 %  BDMA r e s i n  m a t r i x  i n  t r a n s m i s s i o n  mode, F i g u r e  4 . 3 1 ( a ) ,  
and i n  r e f l e c t i o n  mode, F i g u r e  4 . 3 1 ( b ) .  The two m i c r o g r a p h s  i l l u s t r a t e  t h e  
d e p th  o f  i n f o r m a t i o n  t h a t  can be o b t a i n e d  u s i n g  t r a n s m i s s i o n  o p t i c a l  
m ic r o s c o p y  and t h e  e x t e n t  t o  w h ic h  d e t a i l  i s  l o s t  u s i n g  r e f l e c t i o n  m ic r o s c o p y  
i n  w h ic h  o n l y  t h e  s u r f a c e  i s  e x a m i n e d .
( b )  Sc ann ing  e l e c t r o n  m i c r o s c o p y .
F i g u r e  4 . 3 2  compares t h e  t r a n s v e r s e  f r a c t u r e  s u r f a c e s  o f  90°  u n i d i r e c t i o n a l  
sp e c im e n s .  F i g u r e  4 . 3 2 ( a )  shows t h e  f r a c t u r e  s u r f a c e  o f  a l a m i n a t e  made w i t h  
s i l a n e  c o a t e d  g l a s s  f i b r e s  c o n t a i n i n g  0 .5%  BDMA r e s i n  w h i l e  F i g u r e  4 . 3 2  ( b )
show t h e  f r a c t u r e  s u r f a c e  o f  t h e  l a m i n a t e  made w i t h  t h e  same f i b r e  b u t  w i t h  
1.5% BDMA r e s i n  m a t r i x .  F i g u r e  4 . 3 2 ( c )  shows t h e  t r a n s v e r s e  f r a c t u r e  s u r f a c e  
o f  a l a m i n a t e  made w i t h  t h e  s t a r c h  c o a t e d  f i b r e s  i n  0 . 5%  BDMA r e s i n  m a t r i x .  
F i g u r e  4 . 3 2 ( a )  shows a s u b s t a n t i a l  amount  o f  p l a s t i c  d e f o r m a t i o n  o f  t h e  r e s i n  
w i t h  t h e  f o r m a t i o n  o f  ‘ h a c k l e s '  w h ic h  a r e  seen i n  t h e  r e s i n  s t i l l  a d h e r e d  t o  
t h e  f i b r e s  and i n  t h e  r e s i n  on e i t h e r  s i d e  o f  a ' c h a n n e l '  o r  i m p r e s s i o n  l e f t  
by t h e  g l a s s  f i b r e  i n  t h e  r e s i n .  The amount  o f  d e f o r m a t i o n  o b s e r v e d  on t h e  
f r a c t u r e  s u r f a c e  o f  t h e  l a m i n a t e  made w i t h  r e s i n  c o n t a i n i n g  1.5% BDMA i s  much 
l e s s .  The r e s i n  f r a c t u r e  ap p e a r s  more b r i t t l e  a l t h o u g h  a few h a c k l e s  a r e  
s t i l l  o b s e r v e d .  F i g u r e  4 . 3 2 ( c )  shows some p l a s t i c  d e f o r m a t i o n  b u t  most  
f i b r e s  a p p e a r  ' c l e a n '  and f r e e  o f  r e s i n  showing  t h e  p oo r  g l a s s  f i b r e / r e s i n  
bond o b t a i n e d  i n  t h e  l a m i n a t e  w i t h  s t a r c h  f i n i s h  g l a s s  f i b r e s .
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4 .3 .  Q uan t i t a t ive  Measurement o f  S t re s s -w h i ten in g .
4 . 3 . 1 .  P r e l i m i n a r y  r e s u l t s .
( a )  T r a n s m i s s i o n  mode 1 .
F i g u r e  3 . 1 4  shows t h e  change i n  i n t e n s i t y  o f  l i g h t  {measured i n  ter m s o f
m i l l i v o l t s  t o  which i t  i s  d i r e c t l y  p r o p o r t i o n a l ) t r a n s m i t t e d  t h r o u g h  t h e  
p l i e s  o f  a ( 0 , 9 0 ) s l a m i n a t e ,  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  f i b r e  a x i s  
i n  t h e  90°  p l y  {mode 1 ,  F i g u r e  3 . 1 3 ) ,  as a f u n c t i o n  o f  a p p l i e d  s t r a i n .  The  
specimen  had a t o t a l  i n n e r  p l y  t h i c k n e s s  o f  0 . 5  mm and an o u t e r  p l y  t h i c k n e s s  
o f  0 . 8  mm on e i t h e r  s i d e  o f  t h e  90 °  p l y .  I m m e d i a t e l y  a f t e r  l o a d i n g ,  t h e  
t r a n s m i t t e d  l i g h t  i n t e n s i t y  i n c r e a s e d  s l i g h t l y .  A t  a b o u t  0 .2% a p p l i e d  s t r a i n  
i t  was r educ ed  t o  t h e  o r i g i n a l  l e v e l  a t  t h e  s t a r t  o f  t h e  t e s t  a t  z e r o  a p p l i e d  
l o a d .  A t  a b o u t  0 .4% s t r a i n ,  t h e  t r a n s m i t t e d  i n t e n s i t y  began t o  d e c r e a s e  and 
c o n t i n u e d  t o  do so w i t h  i n c r e a s i n g  a p p l i e d  s t r a i n .  A l t h o u g h  s t r e s s - w h i t e n i n g  
f i r s t  ap p eared  a t  a b o u t  0 .2% s t r a i n ,  i t  was most  v i s i b l e  a t  0 .4% s t r a i n  and  
a b o v e .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  method d i d  n o t  a l l o w  t h e  m o n i t o r i n g  o f  
s t r e s s - w h i t e n i n g  p r i o r  0 .4% s t r a i n .  The d e c r e a s e  i n  i n t e n s i t y  a f t e r  0 .4%  
s t r a i n  was a s s o c i a t e d  w i t h  s t r e s s - w h i t e n i n g  and was p r o b a b l y  due t o  t h e  
s c a t t e r i n g  o f  l i g h t  away f rom t h e  main beam.
( b )  T r a n s m i s s i o n  mode 2 .
F i g u r e  4 . 3 3  shows t h e  change i n  t r a n s m i t t e d  l i g h t  i n t e n s i t y  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n  f o r  a specimen f ro m  t h e  l a m i n a t e  d e s c r i b e d  above b u t  t e s t e d  i n  
mode 2 ,  where  t h e  l i g h t  was t r a n s m i t t e d  t h r o u g h  t h e  90 °  p l y  o n l y  and i n  a 
d i r e c t i o n  p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  f i b r e s  {mode 2 ,  see F i g u r e
3 . 1 3 ) .  The specimen was s u b j e c t e d  t o  t h r e e  l o a d i n g  c y c l e s  i n  w hic h t h e
specimen was t a k e n  t o  a h i g h e r  s t r a i n  l e v e l  each t i m e .  A t  t h e  end o f  t h e  
t h i r d  c y c l e ,  t h e  specimen was removed f rom t h e  g r i p s  o f  t h e  t e n s i l e  t e s t i n g  
m ach ine and a n n e a l e d  i n  an oven a t  100°C f o r  3 0  m i n s .  I t  was t h e n  a l l o w e d  t o  
cool  to  room t e m p e r a t u r e  and t h e n  r e - t e s t e d  ( 4 t h  c y c l e ) .
T r a c e  1 i n  F i g u r e  4 . 3 3  shows t h a t  as t h e  specimen was s t r a i n e d  f o r  t h e  f i r s t  
t i m e  t h e  t r a n s m i t t e d  l i g h t  i n t e n s i t y  i n c r e a s e d .  A t  a b o u t  0 .2%  s t r a i n ,  t h e  
i n t e n s i t y  reach ed  a p l a t e a u  and re m a in e d  l e v e l  up t o  a s t r a i n  o f  0 . 4 % .  A f t e r  
0. 4%  s t r a i n ,  t h e  l i g h t  i n t e n s i t y  was seen t o  d e c r e a s e  r a p i d l y  t o  be l ow  t h e
o r i g i n a l  base l i n e  s i g n a l  a t  z e r o  l o a d .  A t  0 .55%  s t r a i n ,  t h e  c r o s s - h e a d  was
r e v e r s e d .  The t r a n s m i t t e d  l i g h t  i n t e n s i t y  c o n t i n u e d  t o  d e c r e a s e  b u t  a t  a
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much s l o w e r  r a t e .  A t  z e r o  l o a d  t h e  i n t e n s i t y  r e m a i n e d  be lo w t h e  base l i n e  so 
t h a t  t h e r e  was a ' p e r m a n e n t '  d e c r e a s e  in  t h e  l i g h t  t r a n s m i t t e d  by t h e  
spec imen  i n  a d i r e c t i o n  p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  f i b r e s .  
T h i s  c o i n c i d e d  w i t h  t h e  p r e s e n c e  o f  r e s i d u a l  w h i t e n i n g  i n  t h e  specimen a t  
z e r o  l o a d  a f t e r  t e s t i n g .  The r a p i d  d e c r e a s e  i n  t h e  i n t e n s i t y  o f  t r a n s m i t t e d  
l i g h t  w hic h occu red a t  0 .4%  s t r a i n  was a g a i n  a s s o c i a t e d  w i t h  t h e  s c a t t e r i n g  
o f  l i g h t  away f rom t h e  main beam c a u s i n g  t h e  s t r e s s - w h i t e n i n g .
D u r i n g  t h e  second c y c l e ,  a much s m a l l e r  i n c r e a s e  i n  t r a n s m i t t e d  l i g h t  was 
r e c o r d e d  be low 0 .2% s t r a i n .  T h i s  r e a c h e d  a p l a t e a u  a t  0 .2% s t r a i n  and  
re m a in ed  l e v e l  s u g g e s t i n g  t h a t  no a d d i t i o n a l  damage o c c u r r e d  u n t i l  a f t e r  t h e  
maximum s t r a i n  l i m i t  i n  t h e  f i r s t  c y c l e  was r e a c h e d  ( 0 . 5 5 %  s t r a i n ) .  Above  
t h i s  s t r a i n ,  t h e r e  was a r a p i d  d e c r e a s e  i n  t h e  t r a n s m i t t e d  l i g h t  i n t e n s i t y ,  
s i m i l a r  t o  t h a t  o b s e r v e d  i n  t h e  f i r s t  c y c l e ,  due t o  t h e  d e v e lo p m e n t  o f  
a d d i t i o n a l  damage (and h e n c e ,  i n c r e a s e d  s t r e s s - w h i t e n i n g ) .  On r e v e r s i n g  t h e  
l o a d ,  t h e  t r a n s m i t t e d  l i g h t  i n t e n s i t y  c o n t i n u e d  t o  d e c r e a s e  a t  a d e c e l e r a t e d  
r a t e  u n t i l  a b o u t  0 ,3% s t r a i n  a f t e r  w hic h i t  re m a ined  l e v e l  and was a g a i n  
below  t h e  o r i g i n a l  base l i n e  v a l u e .
D u r i n g  t h e  t h i r d  c y c l e ,  t h e r e  was a n e g l i g i b l e  i n c r e a s e  i n  t h e  t r a n s m i t t e d  
l i g h t  i n t e n s i t y  u n t i l  a f t e r  t h e  maximum s t r a i n  l i m i t  o f  t h e  second c y c l e  was 
reach ed  (0 .7 %  s t r a i n ) .  Above 0 .7%  s t r a i n ,  t h e r e  was a r a p i d  f a l l  i n  t h e
l e v e l  o f  t h e  t r a n s m i t t e d  l i g h t  i n t e n s i t y .  As t h e  l o a d  was r e v e r s e d ,  t h e
i n t e n s i t y  c o n t i n u e d  to  d e c r e a s e  a t  a v e r y  s low r a t e  u n t i l  t h e  a p p l i e d  
s t r a i n  had re a c h e d  a b o u t  0 . 5%  a f t e r  w h ic h  i t  r e m a i n e d  c o n s t a n t .  A t  t h e  
end o f  t h e  t h i r d  c y c l e  t h e  specimen was a n n e a l e d  a t  a 100°C f o r  30  m i n s .  
T r a c e  4 i n  F i g u r e  4 . 3 3  was r e c o r d e d  a f t e r  c o o l i n g  t o  room t e m p e r a t u r e  
and r e - t e s t i n g .  The t r a c e  a p p e a r s  v e r y  s i m i l a r  t o  t r a c e  1 .  T h e re  i s  an 
i n c r e a s e  i n  t h e  i n t e n s i t y  o f  t r a n s m i t t e d  l i g h t  w h ic h  r e a c h e s  a p l a t e a u  a t  
0.2% s t r a i n  and re m a ins  c o n s t a n t  u n t i l  a s t r a i n  o f  a b o u t  0 .45% i s  r e a c h e d .  A 
d e c r e a s e  i n  i n t e n s i t y  i s  t h e n  o b s e r v e d .  The r a t e  o f  d e c r e a s e  i s  l e s s  r a p i d  
th a n  t h a t  a c h ie v e d  d u r i n g  t h e  f i r s t  c y c l e  ( t r a c e  1)  u n t i l  a f t e r  t h e  maximum 
s t r a i n  l i m i t  o f  t h e  t h i r d  c y c l e  ( a b o u t  0 .8%  s t r a i n )  i s  e x c e e d e d .  Above 0.8%  
s t r a i n  t h e  i n t e n s i t y  b e g i n s  t o  f a l l  as r a p i d l y  as i n  t h e  f i r s t  c y c l e .  T h i s  
s e t  o f  r e s u l t s  i l l u s t r a t e s  t h e  e f f e c t  o f  h e a t  t r e a t m e n t  on t h e  s p e c im e n .  The
specimen i s  seen to  have r e t u r n e d  t o  a l m o s t  i t s  o r i g i n a l  s t a t e  e x c e p t  t h a t
t h e  r a t e  o f  d e c r e a s e  o f  t h e  i n t e n s i t y  a f t e r  0 .4 %  s t r a i n  i s  l o w e r .  T h i s  
su g g e s t s  t h a t  a f t e r  a n n e a l i n g  t h e  n a t u r e  o f  t h e  damage induc ed i s  changed  
r e s u l t i n g  i n  l e s s  s c a t t e r i n g  away f ro m  t h e  main beam and so t h e  d e c r e a s e  i n  
i n t e n s i t y  i s  l e s s  r a p i d  a f t e r  a n n e a l i n g .
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4 . 3 . 2 .  The o f f - a x i s  LASER d i f f r a c t i o n  technique.
I n  t h i s  s e c t i o n ,  t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  Ne-He LASER l i g h t  ( w a v e l e n g t h  
= 6 3 2 . 8  nm) d i f f r a c t i o n  t e c h n i q u e  a r e  p r e s e n t e d .  A l l  l a m i n a t e s  w er e  exa m in ed  
w i t h  t h e  p h o t o d e t e c t o r  a t  p o s i t i o n  1 ,  F i g u r e  3 . 1 9  ( d ) ,  w hich was a t  90° t o  
t h e  i n c i d e n t  beam. One l a m i n a t e  was t e s t e d  w i t h  t h e  p h o t o d e t e c t o r  i n  a l l  t h e  
p o s i t i o n s  (1 t o  6 )  shown i n  F i g u r e  3 . 1 9  ( d )  so t h a t  more d e t a i l e d  i n f o r m a t i o n  
a b o u t  t h e  d i f f r a c t i o n  p a t t e r n  c o u l d  be o b t a i n e d .
F i g u r e  3 . 2 0  shows a t y p i c a l  p l o t  o f  t h e  d e t e c t o r  o u t p u t ,  I ,  measured i n  
m i l l i v o l t s  ( t o  w h ic h  t h e  i n t e n s i t y  i s  d i r e c t l y  p r o p o r t i o n a l ) as a f u n c t i o n  o f  
a p p l i e d  s t r a i n ,  o b t a i n e d  w i t h  t h e  d e t e c t o r  i n  p o s i t i o n  1 .  A l l  p l o t s  o b t a i n e d  
w er e  c h a r a c t e r i s e d  by a f l a t  p o r t i o n  o v e r  a s h o r t  i n i t i a l  s t r a i n  ran ge d u r i n g  
wh ic h no l i g h t  was d e t e c t e d  i n  t h e  d i r e c t i o n  o f  t h e  d e t e c t o r ,  F i g u r e  3 . 2 0 ,  
l i n e  AB. The f l a t  p o r t i o n  was f o l l o w e d  by a v e r y  r a p i d  i n c r e a s e  i n  t h e  l i g h t  
d e t e c t e d  (BC) w h ic h  c o n t i n u e d  t o  i n c r e a s e  w i t h  i n c r e a s i n g  s t r a i n  and i n  some 
cases t h e  s e n s i t i v i t y  o f  t h e  p h o t o m e t e r  had t o  be red u c e d  t o  accommodate t h e  
t r a c e .  A minimum o f  4 spe cim en s w e r e  examined f rom each l a m i n a t e .  I n  some 
c a s e s ,  t h e  specimens  w e r e  t e s t e d  o r  c y c l e d  t h r e e  t i m e s  and a r e c o r d  o f  t h e  
o u t p u t ,  I ,  as a f u n c t i o n  o f  s t r a i n  was o b t a i n e d  each t im e  d u r i n g  l o a d i n g  and  
u n l o a d i n g .  F o r  c l a r i t y ,  o n l y  t h e  mean v o l t a g e  r e a d i n g s  and t h e  s t a n d a r d  
d e v i a t i o n  o b t a i n e d  f o r  each l a m i n a t e  f o r  t h e  l o a d i n g  p a r t  o f  t h e  f i r s t  c y c l e  
a r e  p r e s e n t e d  i n i t i a l l y .  The r e s u l t s  o b t a i n e d  a f t e r  c y c l i n g  a r e  p r e s e n t e d  i n  
s e c t i o n  4 . 3 . 2 ( e ) .
The mean v a l u e s  o f  d e t e c t o r  o u t p u t ,  I ,  o b t a i n e d  as a f u n c t i o n  o f  a p p l i e d  
s t r a i n  wer e  th e n  c o n v e r t e d  t o  L n / l i n e a r  p l o t s .  A s t r a i g h t  l i n e  r e l a t i o n s h i p  
was o b t a i n e d  i n d i c a t i n g  t h a t  t h e  e x p e r i m e n t a l  c u r v e s  c o u l d  be c l o s e l y  
a p p r o x i m a t e d  by an e q u a t i o n  o f  t h e  f o r m ,
I  = Ae Ks ( 4 . 1 )
where  1K * i s  t h e  r a t e  o f  i n c r e a s e  o f  t h e  d e t e c t e d  l i g h t ,  e i s  t h e  a p p l i e d  
s t r a i n  on t h e  s p e c im e n ,  I  i s  t h e  d e t e c t o r  o u t p u t  i n  m i l l i v o l t s ,  and A i s  a 
p r e - e x p o n e n t i a l  f a c t o r .
The d e t e c t o r  o u t p u t ,  I ,  was n o r m a l i s e d  p r i o r  t o  t a k i n g  l o g a r i t h m s  t o  a l l o w  
f o r  t h e  e f f e c t s  o f  t h e  t h i c k n e s s  o f  t h e  90°  p l y  when co m p a r in g  l a m i n a t e s  w i t h  
v a r y i n g  i n n e r  p l y  t h i c k n e s s .  The n o r m a l i s e d  v a l u e s ,  I n , a r e  p r e s e n t e d  i n  
t a b u l a r  f o r m ,  T a b l e s  4 . 1 1  t o  4 . 2 0 .  Any d i f f e r e n c e s  i n  t h e  d e t e c t e d  s i g n a l
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a r i s i n g  due t o  a d i f f e r e n t  t y p e  o f  damage mechanism c o u l d  t h e n  be d i s c e r n e d .  
S i n c e  t h e  beam d i a m e t e r  was c o n s t a n t  i n  a l l  c a s e s j  n o r m a l i s a t i o n  was d e f i n e d  
by t h e  v o l t a g e  r e a d i n g  o b t a i n e d  a t  each u n i t  o f  s t r a i n  d i v i d e d  by t h e  
d i s t a n c e  (mm) t r a v e l l e d  by t h e  i n c i d e n t  beam i n  t h e  90°  p l y .  The d i s t a n c e
t r a v e l l e d  i s  g i v e n  by 2 d / C o s  0 ,  where  2d i s  t h e  t o t a l  t h i c k n e s s  o f  t h e  90°
p l y  and 0 i s  equ al  t o  45°  and i s  t h e  a n g l e  by w hic h t h e  i n c i d e n t  beam i s
i n c l i n e d  t o  t h e  h o r i z o n t a l .  I t  i s  assumed t h a t  t h e  0° p l i e s  do n o t  a f f e c t  
t h e  d e t e c t o r  o u t p u t  o b t a i n e d  f ro m  t h e  90°  p l y  a f t e r  l o a d i n g  ( s e e  s e c t i o n  
5 . 3 ) .  Th us,
I n = I  Cos 45°  /  2d ( 4 . 2 )
The s l o p e  and i n t e r c e p t  on t h e  Y - a x i s  o f  t h e  s t r a i g h t  l i n e  o b t a i n e d  by
p l o t t i n g  t h e  l o g a r i t h m  o f  I n a g a i n s t  a p p l i e d  s t r a i n  i s  r e l a t e d  t o  K and A
s i  n ee ,
Ln I n = Ln A + Kg ( 4 . 3 )
L i n e a r  r e g r e s s i o n  a n a l y s i s  was used t o  o b t a i n  t h e  ' b e s t  f i t '  and d e t e r m i n e  
v a l u e s  o f  K,  t h e  s l o p e  o f  t h e  l i n e ,  and t h e  i n t e r c e p t  on t h e  Y - a x i s ,  Ln A.
( a )  0 .5%  BDMA l a m i n a t e s .
F i g u r e  4 . 3 4 ( a )  shows a p l o t  o f  t h e  d e t e c t o r  o u t p u t ,  I ,  as a f u n c t i o n  o f
a p p l i e d  s t r a i n  f o r  a 90° u n i d i r e c t i o n a l  l a m i n a t e  (2d  = 2 . 1  mm, l a m i n a t e  1)
made w i t h  r e s i n  c o n t a i n i n g  0 .5%  BDMA, w i t h  t h e  p h o t o d e t e c t o r  i n  p o s i t i o n  1 .  
A f t e r  t h e  s t r a i n  a p p l i e d  had r e a c h e d  a b o u t  0 . 2 % ,  t h e  v o l t a g e  r e a d i n g  showed a 
r a p i d  i n c r e a s e .  A l o g a r i t h m i c  p l o t  o f  t h e  n o r m a l i s e d  v o l t a g e  a g a i n s t  a p p l i e d  
s t r a i n  i s  shown i n  F i g u r e  4 . 3 4 ( b ) .  The v a l u e s  o f  K and A a r e  shown i n  T a b l e  
4 . 1 1 ( a ) .  The s l o p e  K w hich g i v e s  a measure o f  t h e  r a t e  o f  i n c r e a s e  i n  t h e  
v o l t a g e  has a v a l u e  o f  3 5 . 0  f o r  t h e  u n i d i r e c t i o n a l  90°  l a m i n a t e .  The amount  
o f  l i g h t  d e t e c t e d  p e r  m i l l i m e t r e  o f  i n n e r  90°  p l y  t h i c k n e s s  a t  v a r i o u s  
s t r a i n s  i s  shown i n  T a b l e  4 . 1 1 ( b ) .
F i g u r e  4 . 3 5 ( a )  shows a p l o t  o f  d e t e c t o r  o u t p u t ,  I ,  as a f u n c t i o n  o f  a p p l i e d  
s t r a i n  f o r  a ( 0 , 9 0 ) s l a m i n a t e  w i t h  a t o t a l  i n n e r  90°  p l y  t h i c k n e s s  o f  2 . 0  mm. 
L i g h t  i s  d e t e c t e d  i n  p o s i t i o n  1 j u s t  b e f o r e  r e a c h i n g  a s t r a i n  o f  0 . 2 % .  The  
r a t e  o f  i n c r e a s e  i s  shown i n  F i g u r e  4 . 3 5 ( b ) ,  which i s  a p l o t  o f  t h e  Ln I n 
a g a i n s t  s t r a i n .  The s l o p e  K has a v a l u e  o f  ab o u t  1 8 . 0 ,  T a b l e  4 . 1 1 ( a ) .  T h i s  
i s  h a l f  t h a t  o f  t h e  90° u n i d i r e c t i o n a l  l a m i n a t e  d e s c r i b e d  above d e s p i t e  t h e
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s i m i l a r i t y  i n  t h e  t h i c k n e s s  o f  t h e  90°  p l i e s .  The amount  o f  l i g h t  d e t e c t e d  
p e r  m i l l i m e t r e  o f  i n n e r  90°  p l y  t h i c k n e s s  a t  v a r i o u s  s t r a i n s  i s  shown i n  
T a b l e  4 . 1 1 ( b ) .  The amount  o f  l i g h t  d e t e c t e d  i s  i n i t i a l l y  h i g h e r  f o r  t h e  
c r o s s - p l y  l a m i n a t e  when compared t o  t h e  u n i d i r e c t i o n a l  90° l a m i n a t e  a t  t h e  
same s t r a i n .  However ,  t h e  d i f f e r e n c e  i n  t h e  mean v o l t a g e  r e a d i n g  bet w ee n  t h e  
two l a m i n a t e s  i s  red u c e d  as t h e  s t r a i n  i s  i n c r e a s e d  and i s  l o w e r  f o r  t h e  
c r o s s - p l y  l a m i n a t e  a t  a s t r a i n  o f  0 . 3 7 5 % .
F i g u r e  4 . 3 6 ( a )  shows a p l o t  o f  t h e  d e t e c t o r  o u t p u t ,  I ,  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n  f o r  a ( 0 , 9 0 ) s l a m i n a t e  w i t h  a t o t a l  i n n e r  90°  p l y  t h i c k n e s s  o f
1 . 0  mm ( l a m i n a t e  3 ) .  A f t e r  a b o u t  0 .2%  s t r a i n  t h e  v o l t a g e  i n c r e a s e s  r a p i d l y  
and t h e  v a l u e  o f  K was fou nd  t o  be 2 2 . 0 ,  F i g u r e  4 . 3 6 ( b ) ,  T a b l e  4 . 1 1 ( a ) .  T h i s  
i s  s l i g h t l y  h i g h e r  t h a n  t h a t  f o r  t h e  ( 0 , 9 0 ) s l a m i n a t e  w i t h  an i n n e r  p l y  
t h i c k n e s s  o f  2 . 0  mm b u t  s t i l l  l o w e r  t h a n  t h a t  o f  t h e  u n i d i r e c t i o n a l  l a m i n a t e  
d e s c r i b e d  a b o v e .  The amount  o f  l i g h t  d e t e c t e d  p e r  m i l l i m e t r e  o f  i n n e r  90°  
p l y  t h i c k n e s s  a t  v a r i o u s  s t r a i n s  i s  s i m i l a r  t o  t h a t  o f  l a m i n a t e  2 ,  w i t h  t h e
2 . 0  mm t h i c k  i n n e r  p l y ,  T a b l e  4 . 1 1 ( b ) .
F i g u r e  4 . 3 7 ( a )  shows a p l o t  o f  t h e  d e t e c t o r  o u t p u t ,  I ,  a g a i n s t  a p p l i e d  s t r a i n  
f o r  a ( 0 , 9 0 ) s l a m i n a t e  w i t h  a t o t a l  i n n e r  90°  p l y  t h i c k n e s s  o f  0 . 5  mm 
( l a m i n a t e  4 ) .  J u s t  b e f o r e  0 . 2%  s t r a i n ,  l i g h t  i s  d e t e c t e d  and t h e  v o l t a g e  
r e a d i n g  c o n t i n u e s  to  i n c r e a s e .  The v a l u e  o f  K was found  t o  be 2 3 . 0 ,  F i g u r e  
4 . 3 7 ( b ) ,  T a b l e  4 . 1 1 ( a ) .  T h i s  i s  s i m i l a r  t o  t h a t  o f  l a m i n a t e  3 .  A t  0 .3%  
s t r a i n  t h e  amount  o f  l i g h t  d e t e c t e d  i s  some 3 0  t i m e s  t h a t  o f  t h e  90°  
u n i d i r e c t i o n a l  l a m i n a t e  a t  t h e  same s t r a i n ,  T a b l e  4 . 1 1 ( b ) .  T h i s  d i f f e r e n c e  
i s  re d u c e d  t o  a p p r o x i m a t e l y  20 a t  a s t r a i n  o f  0 .3 2 5 %  and a g a i n  t o  10 a t  
0 . 3 5 %  s t r a i n .  Thus ,  t h e  d i f f e r e n c e  i n  t h e  d e t e c t e d  v o l t a g e  between l a m i n a t e  
4 and t h e  uni  d i r e c t i o n a l  l a m i n a t e  i s  d ec re ased  as t h e  a p p l i e d  s t r a i n  i s  
i n c r e a s e d .
Summary.
0 . 5%  BDMA l a m i n a t e s .
The h i g h e s t  r a t e  o f  i n c r e a s e ,  K,  i n  t h e  d e t e c t o r  o u t p u t  as a f u n c t i o n  o f  
s t r a i n  was shown by t h e  u n i d i r e c t i o n a l  90° l a m i n a t e ,  T a b l e  4 . 1 1 ( a ) .  The  
c r o s s - p l y  l a m i n a t e s  showed l o w e r  r a t e s  and t h e  amount o f  l i g h t  d e t e c t e d  a t  a 
g i v e n  s t r a i n  i n c r e a s e d  w i t h  d e c r e a s i n g  i n n e r  p l y  t h i c k n e s s .  By f a r  t h e  
h i g h e s t  amount o f  l i g h t  a t  a g i v e n  s t r a i n  was d e t e c t e d  f o r  t h e  l a m i n a t e  w i t h  
t h e  n a r r o w e s t  i n n e r  p l y ,  T a b l e  4 . 1 1 ( b ) .  I n  g e n e r a l ,  t h e  d i f f e r e n c e  be tw ee n
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laminates in terms of the amount of light detected at a given strain 
decreased as the applied strain increased.
(b) 1.5% BDMA laminates.
Figure 4.38(a) shows a plot of detector output, I, against applied strain for 
a 90° unidirectional laminate with a total thickness of 2.1 mm (laminate 5). 
After a strain of about 0.15% is reached, light is detected and the voltage 
reading increases as the strain is increased. The slope of the straight line 
of Ln In against strain, Figure 4.38(b), was found to be about 9.0, Table 
4.12(a). This is about four times lower than that for the unidirectional 
laminate made with resin containing 0.5% BDMA. The amount of light detected 
is initially higher than for the 0.5% BDMA unidirectional laminate, Table 
4.12(b). For example, at 0.3% strain, the amount of light detected is higher 
for the 1.5% BDMA unidirectional laminate by a factor of 2 compared to the 
0.5% BDMA unidirectional laminate. However, the difference between the two 
unidirectional laminates becomes smaller as the strain applied is increased 
and beyond 0.3% strain the amount of light detected is higher for the 0.5% 
BDMA unidirectional 90° laminate. Also, it is to be noted that light was 
initially detected at a smaller applied strain for the 1.5% BDMA laminate.
Figure 4.39(a) shows a plot of the detector output, I, as a function of 
applied strain for a (0,90)s laminate with a total inner 90° ply thickness of 
1.8 mm (laminate 6 ). This result was unusual in that light was detected at a 
very early stage, 0.025% strain, (or immediately after loading) and rose 
very rapidly before a strain of 0.2% was reached. The slope of the line of 
Ln In against applied strain, Figure 4.39(b), had a value of 33.0, Table 
4.12(a). This is high compared to its uni directional equivalent (laminate 5) 
and also compared to laminate 2 which was of equivalent thickness but 
contained resin made with 0.5% BDMA.
Figure 4.40(a) shows the detector output, I, against applied strain for a 
(0,90)s laminate with a total inner 90° ply thickness of 1 mm (laminate 7). 
Only after a strain of 0.25% had been reached was light detected. The 
amount of light detected at 0.325% strain, Table 4.12(a), was approximately 
4 times lower than its equivalent in the 0.5% BDMA system (laminate 3, Table 
4.11(a)). The value of K was found to be 30.0, Table 4.12(a), Figure 
4.40(b). This is higher than that obtained for laminate 3 which had a value 
of 22.0, Table 4.11(a).
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The (0,90)s laminate with a total inner ply thickness of 0.5 mm (laminate 8 ) 
did not appear to show any effect until a strain of about 0.275% had been 
reached. This is shown in Figure 4.41(a) which shows the detector output, I, 
as a function of applied strain. On reaching a strain of 0.325%, the amount 
of light detected was a factor of 30 lower than its equivalent in the 0.5 %
BDMA system (laminate 4). The slope of the line of Ln In against applied 
strain, Figure 4.41(b) had a value of 27.0, Table 4.12(a).
Summary.
1.5% BDMA laminates.
The lowest rate of increase, K, in detector output as a function of strain 
was shown by the unidirectional laminate, Table 4.12(a), and was four times 
lower than for the 0.5% BDMA unidirectional laminate. The cross-ply 
laminates with inner plies of 2 mm, 1mm and 0.5mm all showed similar rates of 
increase in voltage. The lowest amount of light was detected for the 
laminate with the narrowest inner ply, Table 4.12(b), and was approximately 
30 times lower than for the equivalent 0.5% BDMA laminate at a strain of 
0.325%.
(c) 3.0 % BDMA laminates.
The majority of specimens from a 3.0 % BDMA 90° unidirectional laminate with 
a total thickness of 2.9 mm (laminate 9) showed no increase in the voltage 
with increasing strain except just before failure where a slight inflection 
in the trace was observed. One specimen, however, did show an increase in 
voltage and it is this result which is discussed below. Figure 4.42(a) shows 
the detector output, I, as a function of strain. Light is detected just 
after a strain of 0.175 % is reached. The value of K is obtained from the 
slope of Ln In against strain, Figure 4.42(b). The value is is low, 9.0, 
Table 4.13(a), and is similar to the value for the unidirectional laminate 
with 1.5 % BDMA and lower by a factor of four compared to that of the
unidirectional 0.5 % BDMA laminate. The amount of light detected at a given 
strain is shown in Table 4.13(b). The amount of light detected for this 
laminate is lower than that detected for the 90° unidirectional laminates 
containing less BDMA and only starts to increase significantly at higher 
strains (0.55% strain). The high strain at failure (0.575%) shows unusually
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high flexibility for the 3.0% system suggesting that the specimen might not 
have been adequately cured.
Figure 4.43(a) shows a plot of the detector output, I, as a function of 
applied strain for a (0,90)s laminate with a total inner ply thickness of 1.8 
mm (laminate 10). The plot of Ln In against strain is shown in Figure 
4.43(b) and has a slope of 11.0, Table 4.13(a). Figure 4.44(a) shows a plot 
of I against applied strain for a (0,90)s laminate with a total inner ply 
thickness of 1 mm (laminate 11). The slope of Ln In against strain, Figure
4.44(b) had a value of 10.0, Table 4.13(a), which is also low. The laminates
(9,10 and 11, 3.0% BDMA) all show very similar slopes, Table 4.13(a), and 
similar values for the amount of light detected as a function of applied 
strain, Table 4.13(b). The amount of light detected is also the lowest of 
the three systems. Figure 4.45(a) shows a plot of I as a function of applied 
strain for a (0,90)s laminate with an inner ply thickness of 0.5 mm (laminate
12). No light was detected until a strain of 0.3% had been reached. The
amount of light detected was the lowest of all the laminates, Table 4.13(b). 
The slope of Ln In against strain, Figure 4.45(b), is the highest of the 
laminates in the 3.0% BDMA group and has a value of about 21.0, Table 
4.13(a).
Summary.
3.0% BDMA laminates.
The 3.0% BDMA laminates show the lowest rates of increase, K, in detector 
output and have a value of approximately 10.0, Table 4.13(a). The cross-ply 
laminate with the narrowest inner ply shows the highest rate which is
approximately twice that of the other 3.0% BDMA laminates. It also shows the
lowest amount of detected light, Table 4.13(b).
(d) Laminates with starch finish glass fibres.
In contrast to the unidirectional laminates manufactured with the 
conventional glass fibres, the 90° unidirectional laminates containing the 
starch finish glass fibres diffracted light even at zero applied strain. 
However, no additional light was detected with increasing strain in either 
the 0.5% BDMA or the 1.5% BDMA resin systems, prior to failure.
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(e) The e f f e c t s  of cycl ing -  0.5% BDMA laminates only.
Specimens were subjected to three loading/unloading cycles over a strain 
range of 0.0 to 0.4%. The characteristic loading/unloading curve for the 
first cycle is of the general form shown in Figure 4.46, where the points 
ABODE mark the different regions on the curves.
Cross-ply laminate (2d = 0.5 mm, b = 0.8 mm)
Figure 4.47 shows a typical set of results of detector output, I, as a 
function of strain for a specimen from a (0,90)s laminate with an inner 90° 
ply thickness of 0.5 mm. Initially, only the loading curves of the three 
cycles are described. The first curve is characteristic of an undamaged 
specimen showing a flat region AB extending to a strain of about 0. 2%. 
Above 0.2% strain an exponential increase in the voltage is observed. A plot 
of Ln In as a function of applied strain gives a straight line with a 
gradient of about 23.0. The second curve shows that AB now only extends to 
about 0.1% strain. This is then followed by a region which shows a linear 
increase in voltage as a function of strain. The third loading curve does 
not show a flat region. Instead the whole curve can be divided into two 
portions, both with linear increases in voltage but with two different 
gradients as shown in Figure 4.47. During the second cycle the specimen was 
loaded to a slightly higher strain so that towards the end of the loading 
cycle the gradient rises steeply as additional damage is caused. The values 
of the gradients are shown in Table 4.14.
The unloading portion of the three curves are also shown in Figure 4.47. An 
immediate difference between the loading and unloading curves is the 
'waviness' of the traces. This is attributed to the slight movement of the 
LASER spot relative to the specimen so that regions with slightly higher 
micro-crack density due to differences in fibre packing arrangement, give 
slightly higher signals. Such areas do not exist in the undamaged specimen 
so that this effect is not observed in the first loading. In general, the 
loading curves show less waviness possibly because the increase in intensity 
with applied strain swamps the relatively small differences in the signal. 
The reproducible pattern of the 'waviness' confirmed that it was not random 
noise. In order to make measurements of the gradients, the curves were 
approximated to straight lines. During unloading the voltage remains 
approximately constant from a strain of 0.4% to a strain of 0.2%, CD. Below 
0.2% strain a steep linear decrease in voltage is observed. The second and
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third unloading curves show similar behaviour to the first. The values of 
the gradients are shown in Table 4.14.
At the end of the first cycle a ‘residual* voltage is detected (1350 mV) and
this accumulates during the second and third cycles (1950 and 600 mV
respectively) to a total of 3900 mV.
Cross-ply laminate (2d = 2.0 mm, b = 0.65 mm)
Figure 4.48 shows plots of the detector output, I, as a function of applied
strain for a 0.5% BDMA, (0,90)s laminate with an inner 90° ply thickness of
about 2.0 mm. The specimen was cycled three times. The first curve is 
characteristic of an undamaged specimen. The flat region AB extends to a 
strain of about 0.2%. Above this strain there is an exponential increase in 
mean voltage. A plot of Ln In as a function of applied strain gives a 
straight line. The value of the slope is 18.0. Upon unloading the voltage 
reading is seen to remain constant from 0.35% strain to 0.275% strain. Below 
this strain the voltage decreases linearly. On reloading (second cycle) the 
voltage does not increase from 0.0% strain to 0.075% strain. Above 0.075% 
strain there is a straight line increase with a gradient equal to the
unloading curve of cycle 1 (note that AB is reduced). On reversing the load, 
the voltage remains constant from 0.35% strain to 0.275% strain (CD remains
unchanged). Below 0.275% strain the voltage decreases linearly with a
gradient similar to the unloading curve of cycles 1 and 2. The third cycle 
gave very similar results to the second but the flat region AB was reduced 
further still. The values of the gradients are shown in Table 4.15.
At the end of the first cycle a 'residual' voltage is detected (900 mV) and 
this accumulates during the second and third cycles (325 and 300 mV
respectively) to a total of 1525 mV at the end of the third cycle.
Cross-ply laminate (2d = 1.0 mm, b = 0.7 mm)
Figure 4.49 shows plots of I as a function of applied strain for a 0.5% 
BDMA, (0,90)s laminate with an inner 90° ply thickness of about 1.0 mm. This 
specimen was only cycled twice. The first curve is characteristic of an 
undamaged specimen with the region AB extending to about 0.2% strain after 
which there is an exponential increase in the voltage reading. A plot of Ln 
In as a function of applied strain gives a straight line. The value of the 
slope of this line is 22.0, Table 4.16. Upon unloading the voltage is seen
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to remain constant from 0.375% strain to 0.35% strain. Below 0.35% strain a 
linear decrease in voltage is observed. On reloading (second cycle) the 
voltage does not increase from 0.0% strain to 0.1% strain. Thus, the region 
AB is reduced. Above 0.1% strain, a linear increase in the voltage was 
observed. On reversing the load the voltage remains constant from 0.375% 
strain to 0.35% strain (CD remains unchanged) after which a linear decrease 
in the voltage is observed with a gradient similar to that obtained for the 
first cycle. The values of the gradients are shown in Table 4.16.
At the end of the first cycle a 'residual' voltage is detected (350 mV) and
this accumulates during the second cycle (200 mV) to a total of 550 mV.
Unidirectional laminate (2d = 2.1 mm)
Figure 4.50 shows plots of I as a function of applied strain for a 0.5% BDMA, 
90° unidirectional laminate with a ply thickness of about 2.1 mm. The first
curve is characteristic of an undamaged specimen and the flat region AB
extends to a strain of 0.25%. Above 0.25% strain there is an exponential
increase in voltage and a plot of Ln In as a function of applied strain gives
a straight line. The value of the slope of this line is 35.0, Table 4.17.
Upon unloading the voltage is seen to remain constant from 0.35% strain to 
0.3% strain. Below 0.3% strain there is a linear decrease in voltage. On 
reloading (second cycle) the voltage does not increase from 0 .0% strain to 
0.15% strain (AB is reduced) after which there is a linear increase in the 
voltage until the applied strain is equal to the maximum strain reached 
during the first loading (0.35% strain). Above this strain the voltage
began to increase in the manner of an undamaged specimen. On reversing the 
load, the voltage continued to increase for a short interval of strain (about 
0.0325%) after which there was a linear decrease in the voltage. There was 
no flat region in the curve (i.e. CD = 0.0.). As the specimen was reloaded 
(third cycle), the voltage did not increase from 0.0% to 0.15% strain. An
increase in voltage was then observed to be non-linear. The values of the
gradients are shown in Table 4.17.
At the end of the first cycle a 'residual' amount of voltage is detected (200
mV) and this accumulates during the second cycle (550 mV) to a total of 750
mV at the end of the third cycle.
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Sunroary.
During the first cycle, the specimen shows a characteristic strain range 
during which no light is detected, AB. Beyond point B an exponential 
increase in the voltage is observed^ BC. When the specimen is unloaded, a 
second flat region is observed where the voltage remains fairly constant, CD. 
Below point D, the voltage shows a linear decrease in value until zero load 
is reached. At zero load, 'residual whitening' is detected in the specimen. 
This is marked by the distance AE in millivolts. Consecutive loading cycles 
show that the strain range AB is reduced. At the beginning of the third 
loading, AB has a small slope. Above point B, a linear (as opposed to 
exponential) increase in voltage is observed to point C. During unloading, 
the strain range CD remains fairly constant, unlike AB which is reduced after 
the first loading. Below point D, a linear decrease in voltage is observed. 
Residual whitening is again observed at the end of the second and third 
cycles. The gradients of the straight lines BC (loading) and DE (unloading) 
remain similar for all cycles after the initial loading provided the previous 
maximum strain limit is not exceeded. Table 4.14 shows the details of the 
strain range of AB and CD, and the gradients of the lines BC and DE. The 
amount of residual whitening is also shown.
Cross-ply laminate, b = 0.65 mm, 2d = 2 mm.
The loading/unloading curves for the laminate are essentially similar to 
those described for the laminate with the 0.5 mm inner 90° ply. The strain 
range AB is reduced during subsequent loading cycles. Above point B, a 
linear increase in voltage is detected to point C after the initial loading 
cycle. The strain range CD is much smaller for this laminate but still 
appears to remain constant for all cycles. A linear decrease is observed 
below point D. At zero load, residual whitening is detected for each cycle 
but at the end of the third cycle is only one third of the amount detected at 
the end of the first cycle. Again the gradients of the lines BC and DE are 
similar after the initial loading cycle. Table 4.15 shows the details of the 
strain ranges AB, CD and gradients BC, DE. The magnitude of AE is also 
shown.
Cross-ply laminate, b = 0.8 mm, 2d = 0.5 mm.
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Cross-ply laminate, b = 0.7 mm, 2d = 1.0 mm
The loading/unloading curves for this laminate follow the same form as that 
obtained for the cross-plies mentioned above, but the changes appear on a 
much smaller scale. The strain range AB extends to about 0.25%. Above point 
B, an exponential increase is observed BC. When the specimen is unloaded 
from point C the strain range CD over which the voltage remains constant is 
the smallest of all the three laminates. Below point D, a linear decrease is 
observed to point E at zero load. The amount of residual whitening is small 
compared to the other laminates. Consecutive cycles show a decrease in AB, 
while BC and DE show linear behaviour. CD remains unchanged. Table 4.16 
shows the details of the strain ranges AB, CD and the gradients BC and DE.
Unidirectional laminate, b = 0, 2d = 2.1mm
The unidirectional laminate behaved slightly differently in that during the 
second unloading cycle the range CD was not apparent. Instead, from point C, 
on unloading, the voltage continued to increase slightly before showing a 
linear decrease DE. The strain range AB was reduced on the second and third 
loading but the region BC showed a non-linear increase particularly during 
the third loading. Residual whitening was detected at the end of the cycles 
but was small considering the high voltage obtained during loading. Table 
4.17 shows details of the strain ranges and gradients.
(f) The effect of heat-treatment after cycling.
Figure 4.51 shows the effect of heat-treating the specimen shown in Figure 
4.48 for 30 mins. at 100°C after three load/unload cycles. (The specimen was 
a 0.5% BDMA cross-ply laminate with an inner ply of 2.0 mm). It was observed 
that the strain range AB (during v/hich no light is detected) is re-instated 
and extends to a slightly higher applied strain than that obtained during the 
first cycle. The slope, K, of the exponential increase from point B to C is 
reduced slightly from about 18.0 to about 16.0. The range CD is reduced and 
the slope of the linear region, DE, has decreased from 7 X 103 to 4 X 103 
(despite the additional straining). The heat treatment, therefore, appeared 
to return the specimen to its original state but it reduced the rate of 
increase in the amount of light detected as a function of strain. The effect 
of heat treatment is described in more detail in section 4.3.3.
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(g) Angular d is tr ibution of  detected l i g h t .
Figure 4.52 shows a plot of the detector output, I, as a function of applied 
strain for a 0.5% BDMA specimen (laminate 4). The detected light was 
monitored at the positions shown in Figure 3.19(d), positions 1 to 6 . 
Positions 5 and 6 remained saturated throughout the test (due possibly to 
their closeness to the direct beam) so that no further results are presented 
for these two positions. Positions 1 to 4 showed a characteristic flat 
portion AB during which no light was detected. Above point B an exponential 
increase in the voltage was detected. The strain at which light was first 
detected (the extent of AB) increased as the angle through which the light is 
diffracted is increased and so AB is largest for position 2 which was the 
furthest away from the transmitted beam.
The amount of light detected at 0.4% strain was recorded so that all four 
curves (for position 1 to 4) could be compared at a given strain. The 
voltage decreased as the angle through which the light was diffracted 
increased so that at position 2 , the furthest away from the transmitted beam, 
the lowest amount of light was detected. The voltage reading for all
positions is shown in Table 4.18(a).
The exponential plots of voltage as a function of applied strain were 
converted to plots of Ln In against applied strain from which values of K 
were obtained. The results are shown in Table 4.18(b). It is interesting to
note that the value of K for each position is approximately the same. It is
only the amount of light and the strain at which it is first detected that 
varies with angle.
4.3.3. Reversibility of stress-whitening.
Section 3.4.3. described some specific experiments undertaken to investigate 
the reversibility of stress-whitening using the off-axis diffraction
technique and DMTA. The results of these experiments are presented in this 
section. The tests were carried out on a (0,90)s laminate with an inner ply 
thickness of 0.50 mm and outer ply thicknesses of 0.8 mm, manufactured with 
resin containing 0.5% BDMA.
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(a) Quantitative measurement of  stress-whitening.
Figure 4.53 shows plots of the detector output, I, as a function of applied 
strain. Trace 1 shows the results of the first loading while traces 2, 3, 4, 
and 5 show the first loading after each successive annealing treatment given 
to the specimen. Trace 'ON' shows the voltage reading obtained after the 
specimen had been heat treated overnight at 120° C. The amount of light 
detected is tabulated at two different strains from traces 1, 2, 3 and 'ON', 
Table 4.19. These were 0.4% strain and 0.55% strain. The voltage readings 
from traces 4 and 5 were not tabulated since these differed very little from 
traces 2 and 3.
The traces in Figure 4.53 show an extension of the flat portion AB of the 
traces towards higher strains after each anneal. The voltage for a given 
strain is also reduced as the number of anneals is increased. This is shown 
in Table 4.19. After the first annealing treatment the voltage reading at 
0.4% strain was reduced by a factor of approximately 6 . During the first 
loading the specimen was only taken to a strain of 0.4%. In the following 
cycles the specimen was strained to about 0.55%. After annealing for a total 
of about 13 hours, the voltage reading at 0.4% strain was found to be reduced 
by a factor of 25.
Figure 4.54(a) shows the relationship between Ln In and applied strain for 
the first loading before any annealing (plot 1 ) and after the first anneal 
(plot 2). Plot 1 shows a straight line relationship between Ln In and 
applied strain and the slope, K, has a value of about 30.0. Plot 2 shows 
that the slope of the line after the first anneal is the same between 0. 0 and 
0.4% strain but is reduced above a strain of 0.4% to a value of about 13.0 
(K' in Table 4.20). It is interesting to note that 0.4% was the maximum 
strain to which the specimen was taken during the first cycle and that only 
after this strain is reached does the slope change.
Figure 4.54(b) shows the plot of Ln In against strain obtained after the 
third and overnight anneals (plot 3 and plot 'ON' respectively). Plot 3 and 
plot 'ON' both show changes of slope although the transition is less sharp 
and appears to occur at a slightly higher strain than 0.4%. After the third 
anneal (plot 3) the initial slope, K, is about the same until a strain of 
0.45% is reached. Above this value of strain the slope, K', had a value of 
10.0. This is lower than that obtained after the first anneal, above 0.45% 
strain. After annealing for about 13 hours at 120° C, the slope below 0.475%
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strain is about 23.0 and above this strain it changes to 10.0. These 
results are shown in Table 4.20.
The results show that initially, before annealing, a straight line is 
obtained by plotting Ln In as a function of strain. After annealing once, 
the gradient of the straight line is retained upto the previous maximum 
applied strain, at which point a distinct reduction in the gradient is 
observed. Both slopes then continue to decrease after several 
loading/annealing cycles and the transition between the two slopes becomes 
less obvious.
(b) DMTA.
Figure 4.55(a) shows the traces of tan ^as a function of temperature for the 
specimens described above. It can be seen that the initial glass transition 
temperature, Tg, of 107 ± 5 °C, is gradually increased as the number of 
anneals is increased and after the fifth anneal, the Tg is 115 ± 5°C. After 
annealing for about 13 hours the glass transition temperature increases to 
131 ± 5 °C. A similar result is obtained with the temperature TI, described 
in section 3.2.2. This is shown in Figure 4.55(b) which’ shows Log k (dynamic 
modulus) as a function of temperature. TI is increased from 93 ± 5°C to 
101 ± 5 °C after the fifth anneal and after the overnight anneal it is 
increased to 116 ± 5 °C.
- 118 -
Figure 4.1. Epoxy resin specimens after testing in plane strain compression 
mode showing tensile cracks which originated outside the compression zone.
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Figure 4.2. The variation of yield stress, Oy, of epoxy resin as a function 
of BDMA accelerator level in the system.
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Figure 4.3. Cylindrical epoxy resin specimens after yielding in uniaxial 
compression.
Figure 4.4.Resin rich regions in a 90° unidirectional laminate with 3.0% BDMA 
resin matrix. No fibre splitting is observed despite the presence of resin 
rich regions.
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Figure 4.5. Fibre splitting near 0/90 ply interfaces and resin rich regions 
in a (0,90)s laminate with 1.5% BDMA resin matrix and inner 90° ply 
thickness, 2d, of 1 . 0  mm and outer 0 ° ply thickness, b, of 0 . 8  mm.
Appl ied S t r a i n  ( % )
Figure 4.6. Load as a function of applied strain for a 90° unidirectional 
laminate with 0.5% BDMA resin matrix showing non-linearity.
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Figure 4.7. Load as a function of applied strain for a (0,90)s laminate 
with 0.5% BDMA resin matrix and inner 90° ply thickness, 2d, of 2.0 mm, outer 
ply thickness, b, of 0.65 mm.
A p p l i e d  S t r a i n  ( % )
Figure 4.8. Load as a function of applied strain for a (0,90)s laminate 
with 0.5% BDMA resin matrix and inner 90° ply thickness, 2d, of 1.0 mm, outer 
ply thickness, b, of 0 . 7  mm.
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Applied Strain ( %)
Figure 4.9. Load as a function of applied strain for a (0,90)s laminate 
with 0.5% BDMA resin matrix and inner 90° ply thickness, 2d, of 0.5 mm, outer 
ply thickness, b, of 0 . 8 mm (note: change of strain scale).
0 0.1 0.2 0.3 0.4 0.S
App l i  ed S t r a i n  { % )
Figure 4.10. Load as a function of applied strain for a (0,90)s laminate 
with 3.0% BDMA resin matrix, inner 90° ply thickness, 2d, of 1.8 mm, outer 
ply thickness, b, of 0.7 mm.
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Figure 4.11. Colour changes as a function of strain for a (0,90)s laminate 
with 0.5% BDMA resin matrix, inner 90° ply thickness, 2d, of 2.2 mm, outer 0° 
ply thickness, b, of 0.65 mm. (a-c) first cycle, (d-g) second cycle, (h) after 
first heat treatment, (h-k) third cycle, (1 ) after second heat treatment.
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Figure 4.12. Colour changes as a function of strain for a 
with 0.5% BDMA resin matrix, inner 90° ply thickness, 2d, 
ply thickness, b, of 0.65 mm. (Position of transverse ply 
arrows.)
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Figure 4.13. Colour changes as a function of strain for a (0,90)s laminate 
with 0.5% BDMA resin matrix, inner 90° ply thickness, 2d, of 0.5 mm, outer O' 
ply thickness, b, of 0 . 8  mm. (a - e) first cycle, (f) after heat treatment. 
Note: whitening is removed while transverse ply cracks are still apparent.
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Figure 4.14. Colour changes as a function of strain for a 90° unidirectional 
laminate with 0.5% BDMA resin matrix, (a-c) first cycle, (c-f) second cycle.
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Figure 4.15. Colour changes as a function of strain for a (0,90)s laminate 
with 1.5% BDMA resin matrix, inner 90° ply thickness, 2d, of 2.2 mm, outer 0° 
ply thickness, b, of 0. 6 mm. (a-c) first cycle, (c-f) second cycle, (f-i) 
third cycle.
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Figure 4.16. Colour changes as a function of strain for a (0,90)s laminate 
with 1.5% BDMA resin matrix, inner 90° ply thickness, 2d, of 1.3 mm, outer 0° 
ply thickness, b, of 0. 55 mm. (a-f) first cycle, (f-g) second cycle.
Note: (d) and (g) show blue bands associated with the transverse ply cracks.
 (Continued on next page.)
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Continued.. (e) (f )  (g)
0.20 0.0 0.40
Applied strain (%)
Figure 4.16. Colour changes as a function of strain for a (0,90)s laminate 
with 1.5% BDMA resin matrix, inner 90° ply thickness, 2d, of 1.3 mm, outer O' 
ply thickness, b, of 0.55 mm. (a-f) first cycle, (f-g) second cycle.
Note: (d) and (g) show blue bands associated with the transverse ply cracks.
Figure 4.17. Specimen from a (0,90)s laminate 
with 3.0% BDMA resin matrix, inner 90° ply 
thickness, 2d, of 2 . 2  mm, outer 0° ply thickness, 
b, of 0.55 mm at 0.4% strain showing wide blue 
bands on either side of transverse ply cracks.
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Figure 4.18. Colour changes as a function of strain for a (0,90)s laminate 
with 3.0% BDMA resin matrix, inner 90° ply thickness, 2d, of 1.3 mm, outer 0° 
ply thickness, b, of 0.55 mm. (a-g) first cycle, (h) after heat treatment. 
Note: blue bands on either side of transverse ply crack are relatively narrow 
compared to Figure 4.17.
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(a) at zero applied strain (magnification X 3).
(b) at 0.45% strain (magnification X 10).
Figure 4.19. Macrographs showing the development of whitening in a (0,90)s 
laminate with 0.5% BDMA resin matrix, inner 90°ply thickness, 2d, of 0.5 mm, 
outer 0° ply thickness, b, of 0.8 mm. Note: Direction of applied load shown 
by arrows.
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(c) at zero load after straining to 0.7% strain (magnification X 3).
(d) transverse ply crack tip at zero load after straining to 0 .7% 
(magnification X 10).
Figure 4.19. Macrographs showing the development of whitening in a (0,90)s 
laminate with 0.5% BDMA resin matrix, inner 90°ply thickness, 2d, of 0.5 mm, 
outer 0° ply thickness, b, of 0.8 mm. Note: Direction of applied load shown 
by arrows.
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(e) > 2.0% strain showing longitudinal splitting. Note: the 90° ply is 
obscured by the 0° ply (magnification X 3).
♦
(f) > 2.0% strain showing delamination between 0/90 plies. Note: 
now seen more clearly (magnification X 3).
Figure 4.19. Macrographs showing the development of whitening in 
laminate with 0.5% BDMA resin matrix, inner 90°ply thickness, 2d, 
outer 0° ply thickness, b, of 0.8 mm. Note: Direction of applied 
by arrows.
90° ply is
a (0,90)s 
of 0.5 mm, 
load shown
Figure 4.20. Macrographs showing the development of whitening in a 90° 
unidirectional laminate with 0.5% BDMA resin matrix, (a) at zero applied 
strain (magnification X 3). (b) at 0.45% strain (magnification X 3). (c) at 
zero load after failure (magnification X 3).
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Figure 4.21. Macrographs showing the effect of load on a 90° unidirectional 
laminate with 3.0% BDMA resin matrix, (a) at zero applied strain 
(magnification X 3). (b) at 0.35% strain (magnification X 3). Note: change of 
"texture", compare with Figure 4.20(b). (c) at zero load after failure 
(magnification X 3).
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Figure 4.22. Macrographs showing the development of whitening in a 90° 
unidirectional laminate with 0.5% BDMA resin matrix and starch coated glass 
fibres, (a) at zero applied strain showing extensive whitening (magnification 
X 3). (b) at 0.2% strain with little additional whitening (magnification X 
3). (c) at zero load after failure (magnification X 3).
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(a) at zero load prior to testing showing the presence of fibre splits 
(magnification X 400).
(b) at zero load after straining to 0.45% showing micro-cracks normal to the 
tensile axis. Note: crack marked 'a' (magnification X 400).
Figure 4.23. Polished edge transmission micrograph of the 90° ply of a 
(0,90)s laminate with 0.5% BDMA resin matrix, inner 90° ply thickness, 2d, 
of 0 . 5  mm, outer 0 ° ply thickness of 0. 6 mm.
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(c) at zero load after heat treatment at 100°C for 30 mins showing healing of 
micro-cracks in the resin Note: crack 'a' has not reappeared (magnification X
a nn\“TUU / •
I
(d) at zero load after re-testing to a strain of 0.35%. Micro-cracks are 
still not visible (magnification X 400).
Figure 4.23.  Polished edge transmission micrograph of the 90° ply of a
( 0 ,9 0 ) s laminate with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d,
of 0 .5  mm, outer 0° ply thickness of 0.6 mm.
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(e) at zero load after re-testing to 0.6% strain. A small proportion of 
micro-cracks have reappeared but are finer. Crack 'a' has still not 
reappeared. Cracks forming dark regions around fibres are visible 
(magnification X 400).
(f) at zero load after a second heat treatment at 100°C for 30 mins showing 
further healing of micro-cracks (magnification X 400).
Figure 4.23.  Polished edge transmission micrograph of the 90° ply of a
(0 ,9 0 ) s laminate with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d,
of 0.5 mm, outer 0° ply thickness of 0.6 mm.
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(a) at zero load prior to testing showing fibre splitting (magnification X 
400).
(b) at 0.27% strain showing improved contrast between fibre and matrix 
(magnification X 400). Note: bright regions between fibres, 'a' and 'b1 -
Figure 4.24. Polished edge transmission micrograph of the 90° ply of a 
(0,90)s laminate with 0.5% BDMA resin matrix, inner 90° ply thickness, 2d, 
of 0 . 5  mm, outer 0 ° ply thickness of 0 . 8  mm.
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(c) at 0.6% strain showing sub-surface damage (magnification X 300).
(d) at 0 .8% strain showing excellent contrast between fibre and matrix (fibre 
prominence) and micro-cracks between fibres in close proximity (magnification 
X 300).
Figure 4.24.  Polished edge transmission micrograph of the 90° ply of a
(0 ,9 0 ) s laminate with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d,
of 0.5  mm, outer 0° ply thickness of  0 .8  mm.
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(e) at 0.94% strain showing further micro-cracking. Bright spots between 
fibres are no longer visible (compare with Figure 4.24 (b)). Note: regions 
'a' and 'b' . (magnification X 400).
(f) at zero load after straining to 0.94%. Very few micro-cracks are now 
visible and bright spots between fibres have reappeared. See regions 'a' and 
'b1 (magnification X 400).
Figure 4.24.  Polished edge transmission micrograph of the 90° ply of a
( 0 ,9 0 ) s laminate with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d,
of 0 .5  mm, outer 0° ply thickness of 0.8  mm.
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(g) at zero load after straining to 0.94% showing regions where micro-cracks 
have remained visible and coalescence of fibre splits, debonds and 
microcracks has occurred (magnification X 400).
Figure 4.24. Polished edge transmission micrograph of the 90° ply of a 
(0,90)s laminate with 0.5% BDMA resin matrix, inner 90° ply thickness, 2d, 
of 0 . 5  mm, outer 0° ply thickness of 0 . 8  mm.
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(a) at zero load prior to testing showing fibre splits (magnification X 400).
(b) at 0.27% strain showing micro-cracks and the improvement of contrast 
between fibre and resin (magnification X 400).
Figure 4 .25.  Polished edge micrograph of the 90° ply of a (0 ,9 0 )s laminate
with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d of 1.0 mm, outer 0°
ply thickness of 0.7 mm.
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(c) instantaneous transverse ply crack just before reaching 0.3% strain. 
Note: loss of contrast between fibre and matrix and closure of micro-cracks 
in the regions near the transverse ply crack (magnification X 400).
(d) instantaneous transverse ply crack just before reaching 0.3% strain 
(section moved to the right to show left branch of crack, magnification X 
400).
Figure 4.25.  Polished edge micrograph of the 90° ply of a (0 ,9 0 ) s laminate
with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d of 1.0  mm, outer 0°
ply thickness of 0.7 mm.
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(e) opposite end of transverse crack on the same edge showing crack branching 
(magnification X 400).
(f) overview of transverse ply crack and the region under examination 
(magnification X 100).
Figure 4 .25 .  Polished edge micrograph of the 90° ply of a (0 ,90 )s laminate
with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d of 1.0 mm, outer 0°
ply thickness of 0.7 mm.
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(a) at zero load after straining to 0.35% showing concentration of 
micro-cracks at the 0/90 ply interface (magnification X 400).
Figure 4 .26.  Polished edge micrograph of the 90° ply of a (0 ,9 0 )s laminate
with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d, of  2 .0  mm and outer
0° ply thickness,b,  of 0.65 mm.
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(b) at zero load after straining to 0.35% showing concentration of 
micro-cracks near the 0/90 ply interface (opposite end), (magnification X 
400) .
Figure 4 .26 .  Polished edge micrograph of the 90° ply of a (0 ,9 0 )s laminate
with 0.5% BDMA resin matrix, inner 90° ply thickness,  2d, of 2 .0  mm and outer
0° ply thickness,b,  of 0.65 mm.
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(c) Magnified view of middle region of the 90° ply showing initial stages of 
microcracking. Dark shadows are observed near fibres in contact 
(magnification X 1000).
Figure 4.26. Polished edge micrograph of the 90° ply of a (0,90)s laminate 
with 0.5% BDMA resin matrix, inner 90° ply thickness, 2d, of 2.0 mm and outer 
0° ply thickness,b, of 0.65 mm.
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(a) at zero load prior to testing showing fibre splits and micro-cracking 
near the 0/90 ply interface, some fibre cross-sections are marked for easy 
reference (magnification X 400).
(b) at 0.15% strain showing additional damage (magnification X 400).
Figure 4.27.  Polished edge micrograph of the 90° ply of a (0 ,90 )s laminate
with 1.5% BDMA resin matrix, inner 90° ply thickness,  2d, of  1.0 mm, outer 0°
ply thickness,  b, of 0.8  mm.
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(d) at 0 .2% strain showing micro-cracks which develop further from the 0/90 
ply interface. See regions near fibre cross-sections marked 7, 8 , 9, and 10 
(magnification X 600).
Figure 4.27.  Polished edge micrograph of the 90° ply of a (0 ,9 0 )s laminate
with 1.5% BDMA resin matrix, inner 90° ply thickness,  2d, of  1.0 mm, outer 0°
ply thickness,  b, of 0.8 mm.
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(e) at 0.25% strain showing further development of micro-cracks.
(f) just before 0.3% strain showing a distortion of the matrix as a result of 
transverse ply cracking in the nearby region (magnification X 400).
Figure 4.27.  Polished edge micrograph of the 90° ply of a (0 ,9 0 )s laminate
with 1.5% BDMA resin matrix, inner 90° ply thickness,  2d, of  1.0 mm, outer 0°
ply thickness,  b, of 0.8 mm.
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(g) transverse ply crack just before reaching 0.3% strain (section moved 
towards the left, magnification X 400). I
(h) overview of the transverse ply crack and area being examined 
(magnification X 100).
Figure 4.27.  Polished edge micrograph of the 90° ply of a (0 ,90)s  laminate
with 1.5% BDMA resin matrix, inner 90° ply thickness,  2d, of  1.0 mm, outer 0°
ply thickness,  b, of 0.8 mm.
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(i) at zero load after testing showing that most of the micro-cracks have 
closed up and only shadows are now visible in their place (magnification X 
400).
Figure 4.27. Polished edge micrograph of the 90° ply of a (0,90)s laminate 
with 1.5% BDMA resin matrix, inner 90° ply thickness, 2d, of 1.0 mm, outer 0° 
ply thickness, b, of 0. 8 mm.
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Figure 4.28. Transverse fracture path of a 90° unidirectional specimen with 
0.5% BDMA matrix showing the presence of micro-cracks. Fibres still adhere to 
the resin after fracture (magnification X 400).
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Figure 4.29. Transverse fracture path of a 90° uni directional specimen with 
0.5% BDMA matrix and starch coated glass fibres showing loose and completely 
debonded fibres. The fracture path has many fine branches and is made up of 
crescent shaped debonds (magnification X 400).
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Figure 4.30. Transverse fracture path of a 90° unidirectional specimen with 
1.5% BDMA matrix. No residual micro-cracks can be seen (magnification X 400)
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(b)
Figure 4.31. Micrographs showing the same section of a transverse fracture of 
a 90° unidirectional laminate with 0.5% BDMA resin matrix (magnification X 
400). (a) in transmission mode showing micro-cracking (b) in reflection mode 
where micro-cracking is difficult to determine, illustrating the extent to 
which information is lost by observing only in reflection.
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(a) Laminate with 0.5% BDMA resin matrix showing the formation of "hackles" 
in the resin.
1 00UM
(b) Laminate with 1.5% BDMA resin matrix. The deformation in the resin is 
less extensive.
Figure 4.32. Scanning electron micrographs of fracture surfaces of 90° 
unidirectional laminates.
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(c) Laminate with 0.5% BDMA resin matrix and starch coated glass fibres. The 
glass fibres appear free of resin.
Figure 4.32. Scanning electron micrographs of fracture surfaces of 90° 
unidirectional laminates.
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A p p l i e d  S t r a i n  ( % )
Figure 4.33. Transmitted light in terms of millivolts as a function of 
applied strain in mode 2 for a 0.5% BDMA, (0,90)s laminate with inner 90° 
ply thickness, 2d, of 0.5 mm and outer 0°ply thickness, b, of 0.8 mm. The 
specimen was subjected to three loading cycles (traces 1, 2, and 3). It was 
then heat treated for 30 mins. at 100°C and re-tested after cooling to room 
temperature (trace 4).
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Appl ied S t r a i n  ( % )
Figure 4.34 (a). Light detected in terms of millivolts as a function of 
applied strain for a 90° unidirectional laminate with a 0.5% BDMA matrix.
(b) The logarithm of the mean normalised millivolt readings as a function of 
applied strain.
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Appl ied  S t r a i n  ( % )
Figure 4.35 (a). Light detected in terms of millivolts as a function of 
applied strain for a (0,90)s laminate with a 0.5% BDMA matrix and an inner 
90° ply thickness, 2d, of 2.0 mm and an outer 0° ply thickness, b, of 0.65mm. 
(b) The logarithm of the mean normalised millivolt readings as a function of 
applied strain.
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Appl ied  S t r a i n  ( % )
Figure 4.36 (a). Light detected in terms of millivolts as a function of 
applied strain for a (0,90)s laminate with a 0.5% BDMA matrix and an inner 
90° ply thickness, 2d, of 1.0 mm and an outer 0° ply thickness, b, of 0.7 mm. 
(b) The logarithm of the mean normalised millivolt readings as a function of 
applied strain.
-  165 -
Appl ied S f rQ i n  ( % )
Figure 4.37 (a). Light detected in terms of millivolts as a function of 
applied strain for a (0,90)s laminate with a 0.5% BDMA matrix and an inner 
90° ply thickness, 2d, of 0.5 mm and an outer 0° ply thickness, b, of 0.8 mm.
(b) The logarithm of the mean normalised millivolt readings as a function of 
applied strain.
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0 0.1 0.2 0.3 0.4 0.5
Appl ied S t r a i n  ( % )
Figure 4.38 (a). Light detected in terms of millivolts as a function of 
applied strain for a 90° uni directional laminate with a 1.5% BDMA matrix.
(b) The logarithm of the mean normalised millivolt readings as a function of 
applied strain.
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Appl ied S t r a i n  ( % )
Figure 4.39 (a). Light detected in terms of millivolts as a function of 
applied strain for a (0,90)s laminate with a 1.5% BDMA matrix and an inner 
90° ply thickness, 2d, of 1.8 mm and an outer 0° ply thickness, b, of 0.6 mm.
(b) The logarithm of the mean normalised millivolt readings as a function of 
applied strain.
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Appl ied  S t r a i n  ( % )
Figure 4.40 (a). Light detected in terms of millivolts as a function of 
applied strain for a (0,90)s laminate with a 1.5% BDMA matrix and an inner 
90° ply thickness, 2d, of 1 . 0  mm and an outer 0° ply thickness, b, of 0 . 8  mm.
(b) The logarithm of the mean normalised millivolt readings as a function of 
applied strain.
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Appl i ed S t r a i n  ( % )
F ig u re  4 . 4 1  ( a ) .  L ig h t  d e t e c t e d  in terms o f  m i l l i v o l t s  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n  f o r  a { 0 , 9 0 ) s la m ina te  wi th  a 1.5% BDMA m a t r ix  and an in n e r  
90° p l y  t h i c k n e s s ,  2d, o f  0 .5  mm and an o u t e r  0° p l y  t h i c k n e s s ,  b, o f  0.9 mm.
(b) The lo g ar i th m  o f  the mean normalised m i l l i v o l t  r e a d in g s  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n .
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Ap plied  S t r a i n  ( % )
F ig u re  4.42 ( a ) .  L ig h t  d e t e c t e d  in terms o f  m i l l i v o l t s  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n  f o r  a 90° u n i d i r e c t i o n a l  la min ate  with  a 3.0% BDMA m atr ix .
(b) The lo gar ith m o f  the mean normalised m i l l i v o l t  read in g s as a f u n c t i o n  o f  
a p p l i e d  s t r a i n .
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Fig u re  4. 43  ( a ) .  Lig ht  d e t e c t e d  in terms o f  m i l l i v o l t s  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n  f o r  a ( 0 , 9 0 ) s la m ina te  w i th  a 3.0% BDMA m a t r ix  and an in n e r  
90° p ly  t h i c k n e s s ,  2d, o f  1 . 8  mm and an o u t e r  0° p l y  t h i c k n e s s ,  b, o f  0 .7  mm. 
(b) The lo g ar i th m  o f  the mean normalised m i l l i v o l t  r e a d in g s  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n .
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Appl i ed S t r a i n  ( % )
F ig u re  4 .4 4 ( a ) .  L ig h t  d e t e c t e d  in terms o f  m i l l i v o l t s  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n  f o r  a ( 0 , 9 0 ) s la m in a te  w i th  a 3.0% BDMA m a t r ix  and an in n e r  
90° p ly  t h i c k n e s s ,  2d, o f  1 . 0  mm and an o u t e r  0° p l y  t h i c k n e s s ,  b, o f  0.65 mm, 
(b) The lo gar i th m  o f  the mean normalised  m i l l i v o l t  r e ad in g s  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n .
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Appl i ed S t r a i n  ( % )
0. 4 0.5
F ig u re  4 .45  ( a ) .  L ig h t  d e t e c t e d  in terms o f  m i l l i v o l t s  as a f u n c t i o n  of  
a p p l i e d  s t r a i n  f o r  a ( 0 , 9 0 ) s la m in a te  w i th  a 3.0% BDMA m a t r ix  and an in ner  
90° p ly  t h i c k n e s s ,  2d, o f  0 .5  mm and an o u t e r  0° p l y  t h i c k n e s s ,  b, o f  0 .90mm. 
(b) The lo g ar i th m  o f  the mean no rmalis ed m i l l i v o l t  re ad in g s  as a f u n c t i o n  o f  
a p p l i e d  s t r a i n .
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A p p l i e d  S t r a i n
F ig u re  4 . 4 6 .  Schematic diagram showing the c h a r a c t e r i s t i c  curve o f  d e t e c t e d  
l i g h t  as a f u n c t i o n  o f  s t r a i n  o b t a i n e d  du r ing  t h e  f i r s t  complete  loa d/un lo ad 
c y c l e .  The c h a r a c t e r i s t i c  r e g i o n s  a r e  marked, AB, dur ing which no l i g h t  i s  
d e t e c t e d ,  BC, during which t h e r e  i s  an app rox im ate ly  e x p o n e n t ia l  i n c r e a s e  in 
de t e c te d  l i g h t ,  CD during  which the d e t e c t e d  l i g h t  remains c o n s t a n t  d e s p i t e  
the d e c r e a s e  in a p p l i e d  load o r  s t r a i n ,  DE, where a l i n e a r  d e c r e a s e  in 
d e t ec te d  l i g h t  i s  observed and AE which shows the " r e s i d u a l "  l i g h t  d e t ec te d  
a t  ze r o  a p p l i e d  s t r a i n .
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Appl i ed  S t r a i n  ( % )
F ig u re  4 . 4 7 .  Typ ical  t r a c e s  o f  l i g h t  d e t e c t e d  in terms of  m i l l i v o l t s  as a 
f u n c t i o n  o f  a p p l i e d  s t r a i n  o b t a i n e d  from a ( 0 , 9 0 ) s laminate  w i th  a 0.5%
BDMA m atr ix  and an i n n e r  90° p l y  t h i c k n e s s ,  2d, o f  0 .5  mm and an o u t e r  0° p ly  
t h i c k n e s s  o f  0.8 mm, during c y c l i c  lo a d in g  (s e e  a l s o  Table  4 . 1 4 ) .
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A p p l i e d  S t r a i n  ( % )
F ig u r e  4 .4 8 .  Typ ical  t r a c e s  o f  l i g h t  de t e c te d  in terms o f  m i l l i v o l t s  as a 
f u n c t i o n  o f  a p p l i e d  s t r a i n  o b t a i n e d  from a ( 0 , 9 0 ) s laminate  wi th  a 0.5%
BDMA m atr ix  and an i n n e r  90° p l y  t h i c k n e s s ,  2d, o f  2 .0  mm and an o u t e r  0° p ly  
t h i c k n e s s  o f  0.65 mm, during c y c l i c  lo a d in g  (se e  a l s o  Table  4 . 1 5 ) .  Traces 
have been d i s p l a c e d  f o r  c l a r i t y .
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A p p l i e d  S t r a i n  ( %)
F ig u re  4 . 4 9 .  Typ ic al  t r a c e s  o f  l i g h t  d e t e c t e d  in terms o f  m i l l i v o l t s  as a 
f u n c t i o n  o f  a p p l i e d  s t r a i n  o b t a i n e d  from a ( 0 , 9 0 ) s laminate  wi th  a 0.5%
BDMA m atr ix  and an i n n e r  90° p l y  t h i c k n e s s ,  2d, o f  1 . 0  mm and an o u t e r  0° p ly  
t h i c k n e s s  o f  0.70 mm, du ring  c y c l i c  l o a d i n g  (s e e  a l s o  Table  4 . 1 6 ) .  Traces 
have been d i s p l a c e d  f o r  c l a r i t y .
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A p p l i e d  S t r a i n  ( %)
F ig u r e  4 . 5 0 .  T yp ic al  t r a c e s  o f  l i g h t  d e t e c te d  in terms o f  m i l l i v o l t s  as a 
f u n c t i o n  o f  a p p l i e d  s t r a i n  o b t a i n e d  from a 90° u n i d i r e c t i o n a l  lami na te  with 
0.5% BDMA m a t r ix  and a ply  t h i c k n e s s ,  2d, o f  2 . 1  mm, during c y c l i c  lo a d in g  
(s e e  a l s o  Table  4 . 1 7 ) .  Traces  have been d i s p l a c e d  f o r  c l a r i t y .
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App l i ed  S t r a i n  { %}
F ig u r e  4 . 5 1 .  Typ ical  t r a c e  o f  l i g h t  d e t e c t e d  in terms o f  m i l l i v o l t s  as a 
f u n c t i o n  o f  a p p l i e d  s t r a i n  o b t a i n e d  from a ( 0 , 9 0 ) s lam inate  wi th  a 0.5%
BDMA mat rix  and an in n e r  90° p l y  t h i c k n e s s ,  2d, o f  2.0  mm and an o u t e r  0° p ly  
t h i c k n e s s  o f  0.65 mm, a f t e r  c y c l i n g  (F ig ur e  4.48) and heat  t r e a t i n g  f o r  30 
mins.  a t  100°C, c o o l i n g  t o  room tem peratu re and r e - t e s t i n g .
-  1 8 0  -
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A p p l i e d  S t r a i n  (%)
F ig u r e  4 . 5 2 .  Typ ic al  t r a c e s  o f  l i g h t  d e t e c t e d ,  in terms o f  m i l l i v o l t s ,  as a 
f u n c t i o n  o f  a p p l i e d  s t r a i n  o b t a i n e d  f o r  ( 0 , 9 0 ) s la min ate  wi th  a 0.5% BDMA 
m a t r ix  and an i n n e r  90° p l y  t h i c k n e s s ,  2d, o f  0 .5  mm and an o u t e r  0° p ly  
t h i c k n e s s  o f  0 .8  mm, f o r  s i x  d i f f e r e n t  a n g u la r  p o s i t i o n s  o f  the d e t e c t o r  ( se e  
a l s o  T ab le  4 . 1 8  and F ig u re  3 . 1 9  ( d ) ) .
-  1 8 1  -
F ig u r e  4 . 5 3 .  T yp ic al  t r a c e s  o f  l i g h t  d e t e c t e d ,  in terms o f  m i l l i v o l t s ,  as a 
f u n c t i o n  o f  a p p l i e d  s t r a i n  o b ta i n e d  f o r  ( 0 , 9 0 ) s la min ate  w ith  a 0.5% BDMA 
m a t r ix  and an i n n e r  90° p l y  t h i c k n e s s ,  2d, o f  0 .5  mm and an o u t e r  0° p l y  
t h i c k n e s s  o f  0.8 mm. Trace 1 was obta in ed  during the i n i t i a l  lo a d in g  w h i l e  
t r a c e s  2,  3 ,  4, and 5 were o b ta i n e d  d u r in g  the  f i r s t  lo a d in g  a f t e r  each 
a d d i t i o n a l  h ea t  t re a t m e n t  a t  a 120°C f o r  20 mins.  Trace ON was ob ta ine d  
a f t e r  the  specimen had been h e a t  t r e a t e d  o v e r n i g h t  f o r  12 hours a t  120°C.
-  1 8 2  -
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Applied Strain (%)
F ig u r e  4 . 5 4  ( a ) .  The r e l a t i o n s h i p  between the lo g a r i th m  o f  l i g h t  d e t e c t e d ,  in 
terms of  m i l l i v o l t s ,  and a p p l i e d  s t r a i n  f o r  ( 0 , 9 0 ) s la m inate  w i th  a 0.5%
BDMA m a t r ix  and an in n e r  90° p l y  t h i c k n e s s ,  2d, o f  0 .5  mm and an o u t e r  0° p ly  
t h i c k n e s s  o f  0.8 mm. P l o t  1 shows the i n i t i a l  r e l a t i o n s h i p  p r i o r  to h e a t  
t r e a t m e n t .  P l o t  2 shows the  r e l a t i o n s h i p  a f t e r  t h e  f i r s t  h e a t  t r e a t m e n t .
Note: The l i n e  has two d i f f e r e n t  g r a d i e n t s ,  one b e f o r e  and one a f t e r  r e a c h in g  
the  p r e v io u s  a p p l i e d  s t r a i n  l i m i t ,  ( se e  a l s o  Tab le  4.20)
Applied Strain (%)
F ig u re  4 . 5 4  ( b ) .  The r e l a t i o n s h i p  between the lo g ar i th m  o f  l i g h t  d e t e c t e d ,  in 
terms o f  m i l l i v o l t s ,  and a p p l i e d  s t r a i n  f o r  ( 0 , 9 0 ) s la min ate  w i th  a 0.5%
BDMA m atr ix  and an in n e r  90° p l y  t h i c k n e s s ,  2d, o f  0 .5  mm and an o u t e r  0° p ly  
t h i c k n e s s  o f  0.8 mm. P l o t  3 shows the r e l a t i o n s h i p  a f t e r  the t h i r d  h ea t  
t r e a t m e n t .  P l o t  ON shows th e r e l a t i o n s h i p  a f t e r  t h e  o v e r n i g h t  h ea t  t re a tm e n t  
( s e e  a l s o  Table 4 . 2 0 ) .
-  1 8 3  -
T T
T e m p e r a t u r e  ( ° C )
F ig u r e  4 . 5 5  ( a ) .  Traces  o f  tan (f as  a f u n c t i o n  o f  tem peratu re showing the 
change in the g l a s s  t r a n s i t i o n  t em p e r a tu re ,  Tg, w ith  s u c c e s s i v e  heat  
t re a t m e n t s  o f  20 mins.  a t  120°C, o f  a ( 0 ,9 0 )s  la mina te  wi th  0.5% BDMA m a t r i x ,  
90° p ly  t h i c k n e s s ,  2d, o f  0.5  mm and 0° p ly  t h i c k n e s s ,  b, o f  0.8 mm. The 
b i g g e s t  change i s  ob se rved a f t e r  t h e  o v e r n i g h t  heat  t re a t m e n t  ( t r a c e  6 ) .
-  184 -
T e m p e r a t u r e  ( ° C  )
F ig u re  4 . 5 5  ( b ) .  Traces  o f  dynamic modulus as a f u n c t i o n  o f  tem peratu re 
showing t h e  change in t h e  s t r e s s  f r e e  tem peratu re ,  TI,  with s u c c e s s i v e  heat  
tr e a t m e n t s  o f  20 mins.  a t  120°C, o f  a (0 ,90)s  la min ate  w i th  0.5% BDMA m a t r i x ,  
90° p l y  t h i c k n e s s ,  2d, o f  0 . 5  mm and 0° p l y  t h i c k n e s s ,  b, o f  0.8 mm. The 
b i g g e s t  change i s  observed a f t e r  the o v e r n i g h t  hea t  trea tm ent  ( t r a c e  6 ) .
App1ied BDMA a cce le ra to r level [%)
s t r a i n 0.5 1 . 5 3.0
(%) E (GPa) S.D. E (GPa) S.D. E (GPa) S.D.
0 . 1 3.8 0.5 3.3 0 . 2 3 . 1 0.06
0 .2 3.8 0.4 3.4 0 .2 3.3 0 .2
0.3 3.8 0.3 3 .4 0 . 2 3 .4 0 . 1
0.4 - - 3.4 0 . 1 3.3 0 . 1
0.5 - - 3.3 0 . 1 3.3 0 . 1
Gf (%) 0.52 0.26 0.53 0.04 0.64 0.2
Table  4 . 1 .  V a r i a t i o n  o f  mean se c a n t  modulus (E) and f r a c t u r e  s t r a i n  ( e f )  
f o r  un po lishe d  epoxy r e s i n  samples wi th a c c e l e r a t o r  l e v e l  as a f u n c t i o n  o f  
a pp l i e d  s t r a i n .  Each va lu e  i s  a mean o f  t h r e e  samples^, S.D.  = st an dard  
d e v i a t i  on.
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/
Appli  ed 
s t r a i n  
(%)
S e c a n t  modulus 
E (GPa)
Standard
d e v i a t i o n
0 . 1 3 .7 7 0 .2 2
0 .2 3.76 0.27
0.3 3 .7 7 0.23
0.4 3 .6 7 0 . 2 2
0.5 3.69 0 .2 2
0.6 3.66 0.18
0.7 3.66 0 .16
0.8 3.62 0 . 1 2
0.9 3 . 6 1 0 . 1 1
1 . 0 3.60 0 . 1 0
1 . 1 3.56 0.07
1 . 2 3.53 0.06
1 .3 3.52 0.07
1 .4 3.50 0.06
1 . 5 3.44 0.05
e f 1 . 6 0.16
Table  4 . 2 .  V a r i a t i o n  o f  mean se c a n t  modulus (E) and f r a c t u r e  s t r a i n  ( e f )  o f  
p o l i s h e d  edge epoxy r e s i n  samples w i t h  0.5% BDMA as a f u n c t i o n  o f  a p p l i e d  
s t r a i n .  Each r e s u l t  i s  a mean o f  3 sa mp les .
Applied BDMA acce le ra to r level {%)
s t r a i n 0.5 1 . 5 3.0
(%) to S.D. to> S.D. to S .D.
0 . 1 0.30 0.05 0.33 0.08 0.33 0.06
0 . 2 0.34 0.04 0.34 0.08 0.36 0.04
0.3 0.32 0 .02 0.34 0.06 0.36 0.04
0.4 0.33 0.05 0.36 0.06 0.36 0.03
0.5 0.34 0.04 0.35 0.06 0.36 0.03
Table  4 . 3 .  V a r i a t i o n  o f  mean P o i s s o n ' s  r a t i o  (to) f o r  epoxy r e s i n  samples wi th  
a c c e l e r a t o r  l e v e l  as a f u n c t i o n  o f  a p p l i e d  s t r a i n .  Each v a lu e  i s  a mean o f  
t h r e e  samples^, S.D.  = s t a n d a rd  d e v i a t i o n .
BDMA Mean y i e l d  s t r e s s stan dard
(%) (MPa) devi  a t i o n .
0.5 144.0 5.5
1 . 5 129.0 8.4
3.0 128.0 3.2
Table  4 . 4 ( a )  V a r i a t i o n  o f  mean y i e l d  s t r e s s  (Oy) w i t h  a c c e l e r a t o r  l e v e l  
(p lane  s t r a i n  compression t e s t )  o f  epoxy r e s i n  samples.  Each v a lu e  i s  a mean 
o f  3 samples.
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BDMA
(%)
Mean y i e l d  s t r e s s  
(MPa)
Standard
d e v ia tio n .
0.5 138.0 0.58
1 . 5 124.0 2. 6
3.0 1 19 .0 2.16
Table  4 . 4 (b )  V a r i a t i o n  o f  mean y i e l d  s t r e s s (ciy) w i t h  a c c e l e r a t o r  l e v e l  f o r
epoxy r e s i n  samples ( u n i a x i a l  comp ression  o f  c y l i n d e r s ) .  Each v a l u e  i s  a mean
o f  3 samples.
BDMA G la s s  t r a n s i t i o n Tl
{%) te m pe ra tu re  (°C) ( ° C ) .
0.5 110 ± 5 95 ± 5
1 . 5 135 ± 5 125 ± 5
3.0 155 ± 5 135 ± 5
Table  4 . 5 .  V a r i a t i o n  o f  g l a s s  t r a n s i t i o n  tem perature (Tg) and s t r e s s - f r e e
tempe rature (T l)  with a c c e l e r a t o r  l e v e l  f o r epoxy r e s i n  samples.  Each v a l u e
i s  a mean of  t h r e e  samples.
BDMA R e f r a c t i  ve Standard
(%) Index devi  a t i o n .
0.5 1 .5 3 0.05
1 . 5 1 . 5 1 0.03
3.0 1.49 0.07
Table  4 . 6 .  V a r i a t i o n  o f  the r e f r a c t i v e  index wi th a c c e l e r a t o r  l e v e l  f o r  epoxy 
r e s i n  samples.  Each v a l u e  i s  a mean o f  a t  l e a s t  t h r e e  samples.
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Lami nat e Laminate S ec an t  modulus, E (GPa) dE e t c Vf
code geometry
Applied s t r a i n  (%) (GPa) (%) (%)
No. b (mm) 
2d (mm) 0 . 1  0.2 0.3 0.35
1 b = 0 ,
2d = 2 . 1
16.0 1 5 .5 15.0 1 4 .7 0.8 0.41 58.0
2 b = 0.65 
2d = 2 . 0
28.4 28.0 27.6 27 .4 0.4 0.29 60.0
3 b = 0.7 
2d= 1 . 0
35.6 3 5 .1 3 5 .1 34.9 0.0 0.3 63.0
4 b = 0.8 
2d = 0.5
37.3 36.9 36.7 36.7 0 .2 0.7 60.0
Table  4 . 7 ( a )  Mean Secant  modulus (E), mean change in Secant  modulus b e f o r e  
t r a n s v e r s e  c r a c k i n g  (dE),  s t r a i n  to  f i r s t  t r a n s v e r s e  p l y  c r a c k  ( e £ c ),  and 
volume f r a c t i o n  o f  g l a s s  f i b r e s  (Vf) f o r  lam inates  made w i th  r e s i n  
c o n t a i n i n g  0.5% BDMA. Each r e s u l t  i s  a mean o f  4 t o  5 specimens.
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Lami nate Lami nate Sec an t  modulus, E (GPa) dE 6t c Vf
code geometry
Ap plied  s t r a i n (%) (GPa) (%) (%)
No. b (mm) 
2d (mm) 0 . 1 0 .2 0.3 0.35
5 b = 0 ,
2 d = 2 . 1
1 3 . 1 1 3 . 1 13.0 1 2 . 8 0.4 0.34 58.0
6 b = 0.60 
2d = 1 . 8
26.4 26.1 - - - 0.24 60.0
7 b = 0.8 
2d= 1 . 0
33.9 33.9 33.6 33.1 0.3 0.29 62.0
8 b = 0.9 
2d = 0.5
35.3 35.5 35.3 35.7 0.5 0.35 54.0
Table  4 . 7 ( b )  Mean Secant  modulus (E),  mean change in Secant  modulus be f o r e  
t r a n s v e r s e  c r a c k i n g  (dE),  s t r a i n  t o  f i r s t  t r a n s v e r s e  p ly  cr a ck  (e-tc ) ,  and 
volume f r a c t i o n  o f  g l a s s  f i b r e s  (Vf) f o r  laminates  made wi th  r e s i n  
c o n t a i n i n g  1.5% BDMA. Each r e s u l t  i s  a mean of  4 to  5 specimens.
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Laminate
code
No.
Laminate
geometry
b (mm)
2d (mm)
Sec ant  modulus, E (GPa) 
Ap plie d s t r a i n  (%)
0.1  0.2 0.3 0.35
dE
( GPa)
Gt c
(%)
Vf
(%)
9 b = 0 , 10.0 10.0 9.90 9.90 0 . 1 0.4 44.0
2d = 2.9
10 b = 0.70 24.0 24.0 23.5 - 0.26 55.0
2d = 1 . 8
1 1 b = 0.65 3 1 .9  3 1 . 5  3 1 . 2  3 1 . 1 0.4 0.35 55.0
2d= 1 . 0
12 b = 0.9 32.9 32.4 32.0 32.0 0.4 0.33 4 1 .0
2d = 0.5
Table  4 . 7 ( c )  Mean Secant  modulus (E),  mean change in Secant  modulus b e f o r e
t r a n s v e r s e  c r a c k i n g  (dE) ,  s t r a i n  t o  f i r s t  t r a n s v e r s e  p l y  cr ack ( e t c ) and
volume f r a c t i o n  o f  g l a s s  f i b r e s  (Vf)  f o r  lam in ate s  made wi th res i n
c o n t a i n i n g  3.0% BDMA. Each r e s u l t  i s  a mean o f  4 to  5 specimens .
Lami nate 
code
No.
Lami nate 
geomet ry
b (mm)
2d (mm)
S ec an t  modulus, E (GPa) dE 6t c Vf
Appl ied  s t r a i n  (%) (GPa) (%) (%)
0 . 1 0.2 0.3 0.35
13 b = 0 ,
2d = 2 .3
9.38 9 .1 0  9.08 - - 0 .3 1 42.0
Table  4 . 7 ( d )  Mean Secan t  modulus (E) ,  mean change in Sec an t  modulus b e f o r e  
t r a n s v e r s e  c r a c k i n g  (dE),  s t r a i n  t o  f i r s t  t r a n s v e r s e  p l y  cr a ck  ( e t c )  ancl 
volume f r a c t i o n  o f  g l a s s  f i b r e s  (Vf)  f o r  lam inates  made w i th  r e s in  
c o n t a i n i n g  0.5% BDMA and 120 t e x  g l a s s  f i b r e s  with t h e  s t a r c h  f i n i s h .  Each 
r e s u l t  i s  a mean of  4 to  5 specimens.
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Lami nate Lami nate 
code geometry
S ec an t  modulus,  E (GPa) dE e t c  Vf
Ap plie d s t r a i n  (%) (GPa) (%) (%)
No. b (mm) --------------------------------------------------
2d (mm) 0.1  0.2 0.3 0.35
14 b = 0, 8.68  8 .70 -  0.19 42.0
2d = 2 . 1
Table  4 . 7 ( e )  Mean Secant  modulus (E) ,  mean change in Sec an t  modulus b e f o r e  
t r a n s v e r s e  c r a c k i n g  (dE) ,  s t r a i n  t o  f i r s t  t r a n s v e r s e  p l y  cr a ck  ( e t c )  and 
volume f r a c t i o n  o f  g l a s s  f i b r e s  (Vf)  f o r  lam in ate s  made w i t h  r e s i n  
c o n t a i n i n g  1.5% BDMA and 120 t e x  g l a s s  f i b r e s  with t h e  s t a r c h  f i n i s h .  Each 
r e s u l t  i s  a mean of  4 t o  5 Specimens.
Lami nate Lami nate S e c a n t  inodulus,  E (GPa) dE Gt c Vf
co de , geometry
Appl i ed s t r a i n  (%) (GPa) (%) (%)
BDMA b (mm)
(%) 2d (mm) 0 . 1 0 .2 0.3 0.35
15, b = 0.55 23.2 23.0 22.7 22.5 0.74 0.38 58.0
(0 .5) 2d = 2 . 2
16, b = 0.55 2 1 . 6 2 1 .5 2 1 .4 - 0 .2 0.30 56.0
( 1 . 5 ) 2d = 2 . 2
17 , b = 0.60 1 7 . 7 1 7 . 7 - - - 0.28 47.0
(3.0) 2d= 2 . 6
Table  4 . 7 ( f )  Mean Secant  modulus (E),  mean change in Sec an t  modulus be for e  
t r a n s v e r s e  cr a c k i n g  (dE),  s t r a i n  t o  f i r s t  t r a n s v e r s e  p l y  cr a ck  ( e t c )  and 
volume f r a c t i o n  o f  g l a s s  f i b r e s  (Vf)  f o r  lam in ate s  made w i t h  r e s in  
c o n t a i n i n g  0.5%, 1.5% and 3.0% BDMA and 1200 t e x  g l a s s  f i b r e s .  Each r e s u l t  i s  
a mean o f  4 to 5 specimens.
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Laminate
code
S e c a n t  modulus 
(0 . 2% s t r a i n )  
(GPa)
Youngs modulus 
( c a l c u l a t e d )  
(GPa)
1 1 5 .5 15.0
2 28.0 27.8
3 3 5 . 1 36.2
4 36.9 38.0
5 1 3 . 1 14.2
6 26 .1 27.0
7 3 3.9 3 4 .1
8 35.5 34.4
9 1 0 . 0 9.85
10 24.0 25.2
1 1 3 1 . 5 28. 7
12 32.4 26.7
13 9 .1 0 10.4
14 8.70 9.60
15 23.0 24.0
16 2 1 .5 2 2 . 1
17 1 7 . 7 19.3
Table  4 . 8 .  Comparison of  ex pe riment al  va lu es  of  Secant  modulus ( a t  0.2% 
s t r a i n )  and c a l c u l a t e d  v a l u e s  o b t a i n e d  usi ng  the  Halpin-T sai  e qu at io ns  and 
c l a s s i c a l  laminated p l a t e  t h e o r y .
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Secant modulus (GPa)
Appl i ed 
s t r a i n  
(%)
Ini t i  al 
v a lu e
S.D. A f t e r  4 
c y c l e s
S.D. dE A f t e r  
ann eal i  ng
S.D. dE
0.5% BDMA
0 . 1 23.2 1 . 1 23.0 1 . 3 0 . 2 2 2 . 6 1 . 0 0.4
0 .2 23.0 1 . 3 2 2 .6 1 . 2 0.4 2 2 . 2 0.9 0.4
0.3 2 2 . 8 1 . 2 22.4 1 . 1 0.4 2 1 .9 0.9 0.5
0.35 22 .6 1 . 2 22.3 1 . 1 0.3 2 1 . 8 0.9 0.5
1.5% BDMA
0 . 1 2 1 . 0 0.4 2 1 . 0 0.5 - 20.7 0.4 0.3
0 . 2 2 1 . 1 0.4 2 0 . 8 0.5 0.3 20.6 0.4 0 . 2
0.3 2 1 . 0 0.4 20.9 0.5 0 . 1 20.4 0.4 0.5
0.35 **
3.0% BDMA
0 . 1 1 7 . 7 0.6 1 7 .6 0.6 0 . 1 17. 6 0.4 -
0.2  
n 7
1 7 . 7 0.6 1 7 .6 0.6 0 . 1 17. 6 0.4 -
u « 0 
0.35 - - - - - - - -
Table  4 . 9 .  Mean Secant  modulus and r e d u c t i o n  in modulus (dE) a f t e r  4 c y c l e s  
and a f t e r  a n n e a l i n g  a t  100°C f o r  30 minutes  f o r  la min ates  made with  1200 t e x  
f i b r e s  and r e s i n  c o n t a i n i n g  0.5%, 1.5% and 3.0% BDMA ( la m in a t e s  1 5 ,  16 and 
1 7 ) .  S .D.  = stan dard d e v i a t i o n .  Each r e s u l t  i s  a mean o f  a t  l e a s t  4 specimens.
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Lami nate BDMA b d Tra ns verse Thermal t c  6t l
code f r a c t u r e  
s t r a i n  (e£ c )
s t r a i n
<4ih>
No. (%) (mm) (mm) (%) m (%)
1 0.5 - 1 .05 0.40 _ -
2 0.5 0.65 1 . 0 0.30 0 .1 4 0.44
3 0.5 0 .7 0.5 0.30 0.16 0.46
4 0.5 0.8 0.25 0.70 0 .2 0 0.90
5 1 . 5 - 1 .05 0.34 - -
6 1 .5 0.6 0.90 0.24 0 .2 0 0.44
7 1 . 5 0.8 0.5 0.30 0.24 0.54
8 1 .5 0.9 0.25 0.35 0.32 0.67
9 3 .0 - 1 .4 5 0.30 - -
10 3.0 0.7 0.9 0.25 0.26 0 .5 1
1 1 3.0 0.65 0.5 0.37 0.30 0.67
12 3.0 0.9 0.25 0.39 0.44 0.83
13 0.5 - 2 .3 0.30 - -
14 1 .5 - 2 . 1 0.19 - -
15 0.5 0.55 1 . 1 0.38 0 .1 4 0.52
16 1 .5 0.55 1 . 1 0.30 0 . 2 2 0.52
17 3 .0 0.65 1 . 3 0.26 0.28 0.54
Table  4 . 1 0 .  Values o f  f i r s t  t r a n s v e r s e  ply  c r a c k i n g  s t r a i n s  c o r r e c t e d  f o r  
thermal s t r a i n .  (Thermal s t r a i n s  c a l c u l a t e d  using e qua t io ns  and m a t e r i a l  
p r o p e r t i e s  shown in appendix 2 .)
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Laminate code A K
1 0.002 35.0
2 1 . 1 0 18.0
3 0.35 2 2 . 0
4 1 .3 23.0
Table  4 . 1 1 ( a ) .  Values  o f  A and K f o r  the 0.5% BDMA la m in a t e s  o b ta in e d  from 
p l o t s  o f  Ln I n (mV/mm) as a f u n c t i o n  o f  a p p l i e d  s t r a i n .
L i g h t  d e t e c t e d ,  I n (mV/mm)
Laminate S t r a i n  i n t e r v a l  (%)
code --------------------------------------------------------------------------------------------
0.0 - 0.3 0.0 -  0.325 0.0 - 0.35 0.0 -  0.375
1 57.0 148.0 401.0 1108.0
2 240.0 400.0 6 17 .0 843.0
3 285.0 465.0 621.0 -
4 1700.0 2729.0 4094.0 -
Table  4 . 1 1 ( b ) .  L ig h t  d e t e c t e d  as a f u n c t i o n  o f  s t r a i n  f o r  0.5% BDMA 
l a m i n a t e s ,  v o l t a g e  re ad in g s  were normalised f o r  in n e r  90° p l y  t h i c k n e s s .
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Laminate code A K
5 7 . 4 9.0
6 2.4 33.0
7 0.007 30.0
8 0 . 0 1 2 27.0
Table  4 . 1 2 ( a ) .  Values o f  A and K f o r  the  1.5% BDMA la min ates  o b ta in e d  from 
p l o t s  o f  Ln I n as a f u n c t i o n  o f  a p p l i e d  s t r a i n .
L ig h t  d e t e c t e d ,  I n (mV/mm)
Laminate S t r a i n  i n t e r v a l  (%)
code --------------------------------------------------------------------------------------------
0.0 -  0.3 0.0 -  0.325 0.0 -  0.35 0.0 -  0.375
5 1 1 2 . 0 132.0 177 .0 _
6 >1735.0 - - -
7 67.0 1 2 0 . 0 179.0 -
8 48.0 90.0 148.0 291.0
Table  4 . 1 2 ( b ) .  L ig h t  d e t e c t e d  as a f u n c t i o n  o f  s t r a i n  f o r  1.5% BDMA 
la m i n a t e s ,  v o l t a g e  r e ad in g s  were normalised f o r  i n n e r  90° p l y  t h i c k n e s s .
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Laminate code A K
9 4 . 5 9.0
10 3 . 7 1 1 . 0
1 1 2 .7 1 0 . 0
12 0.05 2 1 . 0
Table  4 . 1 3 ( a ) .  Values  o f  A and K f o r  the 3.0% BDMA la m i n a t e s  obta in ed from 
p l o t s  o f  Ln I n as a f u n c t i o n  o f  a p p l i e d  s t r a i n .
L i g h t  d e t e c t e d  I n (mV/mm)
Laminate S t r a i n  i n t e r v a l  (%)
code --------------------------------------------------------------------------------------------
0.0 -  0.3 0.0 -  0.325 0.0 -  0.35 0.0 -  0.375
9 79.0 85.0 98.0 1 2 2 . 0
10 86.0 - - -
1 1 55.0 7 1 . 0 106.0 -
12 26.0 43.0 88.0 114 .0
Table 4 . 1 3 ( b ) .  L ig h t  d e t e c t e d  as a f u n c t i o n  o f  s t r a i n  f o r  3.0% BDMA 
l a m i n a t e s ,  v o l t a g e  r e a d in g s  were no rm alis ed f o r  in n e r  90° p ly  t h i c k n e s s .
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C y c le
No. S t r a i n  range (%) and Slope m, X 103
Residual
s i g n a l
(mV/mm)
AB BC CD DE AE
1 0 .0 - 0 . 2 0.2 -  0.4 0.4 -  0.2 0 . 2  -  0 .0 1909.0
m = 0
*o.COCMIIV m = 0.0 m = 15
2 0.0 -  0 . 1 0.1  -  0.425 0.425 -  0.2 0 . 2  -  0 . 0 2758.0
m = 0 m = 12 .5 m = 0.0 m = 18
3 0.0 - 0 . 1 0 .1  -  0.4 0.425 -  0.2 0 . 2  -  0.0 848.0
m = 3.5 m = 16 m = 0.0 m = 18
Table  4 . 1 4  The s t r a i n  range and g r a d i e n t s  o f  the t r a c e s  o b ta in e d  du ring  t h r e e  
c o n s e c u t i v e  l o a d i n g  and un load in g c y c l e s ,  f o r  a 0.5% BDMA c r o s s - p l y  la m inate
wi th  2 d = 0.5 mm. * i n d i c a t e s  g r a d i e n t  o f  Ln I n a g a i n s t  a p p l i e d  s t r a i n .
Al l  o t h er va lu e s  are
/
f o r  l i n e a r  p l o t s  o f  I n a g a i n s t  a p p l i e d  s t r a i n .
Cycl e Residual
No. S t r a i n  range {%) and Slope m, X 103 s ig n a l
(mV/mm)
AB BC CD DE AE
1 0 .0 -  0 . 2 0.2 -  0.35 0.35 - 0.3 0.3 - 0.0 3 18 .0
m = 0
ooIIE*oCOIIX m = 7.0
2 0.0 -  0 . 1 0 .1  -  0.375 0.375 - 0.3 0.3 -  0.0 1 1 5 .0
m = 0 m = 7.0 m = 0.0 m = 7 . 7
3 0.0 -  0.075 0 .1  -  0.35 0.35 - 0.3 0.3 -  0.0 106.0
m = 0.0 m = 7 . 7  m = 0.0 m = 6 .5
Table  4 . 1 5  The s t r a i n  range and g r a d i e n t s  o f  the t r a c e s  o b ta ine d  du ring  t h r e e  
c o n s e c u t i v e  l o a d i n g  and un loadi ng  c y c l e s ,  f o r  a 0.5% BDMA c r o s s - p l y  la m inate  
wi th 2d = 2.0 mm. * i n d i c a t e s  g r a d i e n t  o f  Ln I n a g a i n s t  a p p l i e d  s t r a i n .
Al l  o t h e r  v a lu e s  a r e  f o r  l i n e a r  p l o t s  o f  I n a g a i n s t  a p p l i e d  s t r a i n .
-  2 0 0  -
Cycl e 
No. S tra in  range {%) and Slope m, X 103
Residual
si g n a l
(mV/mm)
AB BC CD DE AE
1 0.0 -  0.25 0.25 -  0.4 0.4 - 0.35 0.35 - 0.0 247.0
m = 0 K = 22.0* m = 0.0 m = 2.5
2 0.0 -  0.125 0 .1 2 5  - 0.4 0.4 -  0.35 0.35 -  0.0 1 4 1 .0
m = 0 m = 2. 5  m = 0.0 m = 2.25
Table  4. 16 The s t r a i n  range and g r a d i e n t s  o f  the t r a c e s  ob ta ined  during  two
c o n s e c u t i v e  l o a d i n g  and un loadin g  c y c l e s ,  f o r  a 0.5% BDMA c r o s s - p l y  la m ina te
w ith  2 d = 1 . 0  mm. * i n d i c a t e s  g r a d i e n t  o f  Ln I n a g a i n s t  a p p l i e d  s t r a i n .
A l l  o t h e r  v a lu e s  a r e f o r  l i n e a r  p l o t s  o f  I n a g a i n s t  a p p l i e d  s t r a i n .
C y c le Residual
No. S t r a i n  range (%) and S lo p e  m, X 103 s i g n a l
(mV/mm)
AB BC CD DE AE
1 0.0 - 0.3 0.3 -  0.35 0.35 -  0.3 0.3 -  0.0 6 7.0
m = 0 K = 35.0*  m -  0.0 m = 4.5
2 0.0 - 0 .15 0 .1 5  - 0.385 n e g l i g i b l e  0.385 -  0.0 185.0
m = 0 see t e x t  m = 0.0  m = 1 0 .5
3 0.0 - 0.125 0.12 5 -  0.4
m = 0.0 see  t e x t
Table  4 . 1 7  The s t r a i n  range and g r a d i e n t s  o f  the t r a c e s  ob ta ine d  during  t h r e e  
c o n s e c u t i v e  lo a d in g  and un loadin g  c y c l e s ,  f o r  a 0.5% BDMA u n i d i r e c t i o n a l  
l a m in a te  w i th  2d = 2 .1  mm. *  i n d i c a t e s  g r a d i e n t  o f  Ln I n a g a i n s t  a p p l i e d  
s t r a i n .  A l l  o t h e r  v a lu e s  a re  f o r  l i n e a r  p l o t s  o f  I n a g a i n s t  a p p l i e d  s t r a i n .
-  2 0 1  -
D e t e c t o r L i g h t  d e t e c t e d ,
p o s i t i o n I n (mV/mm)
1 4 1 7 .0
2 5 5 . 5
3 1087.0
4 21 87 .0
Table 4 . 1 8 ( a ) .  The amount o f  l i g h t  reco rd ed  f o r  f o u r  d i f f e r e n t  a n g u la r  
p o s i t i o n s  o f  the d e t e c t o r  measured ov e r  a s t r a i n  range o f  0 . 0  t  0 . 4%. 
V o lt a g e  readings have been normalised f o r  in n e r  90° p l y  t h i c k n e s s .
D e t e c t o r  p o s i t i o n
1 2 3 4
K 23.6 23.4 2 0 . 1 23.0
Table  4 . 1 8 ( b ) .  The v a lu e s  o f  K f o r  fou r  d i f f e r e n t  a n g u la r  p o s i t i o n s  o f  the 
d e t e c t o r .
-  2 0 2  -
L i g h t  d e t e c t e d ,  I n (mV/mm)
No. o f  ------------------------------------------------------
a nneal ing  S t r a i n  range {%)
ur ca uueii u;>
0.0 -  0.4 0.0 -  0.55
1 4324.0 -
2 706.0 4059.0
3 441.0 2853.0
Overni ght 164.0 1294.0
Table 4 . 1 9 .  The l i g h t  d e t e c t e d ,  I n a f t e r  s u c c e s s i v e  a n n e a l i n g  t r e a t m e n t s  
to  a 0.5% BDMA c r o s s - p l y  la m inate  w ith  2d = 0.5  mm ( lam in at e  4 ) .
No. o f  
anneal ing 
t r e a t m e n t s .
K K'
1 30.0 _
2 3 1 .0 13.0
3 30.0 1 0 .0
o v e r n ig h t 23.6 10 .6
Table  4 .2 0 .  Values o f  K and K' ob ta ined  from p l o t s  o f  Ln I n as 
a f u n c t i o n  o f  a p p l i e d  s t r a i n  (%) a f t e r  s u c c e s s i v e  a n n e a l i n g  t r e a t m e n t s .  
K1 i s  the s lo p e  beyond 0.4% s t r a i n .
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C H A P T E R  5
DISCUSSION
The f o l l o w i n g  d i s c u s s i o n  i s  d i v i d e d  i n t o  t h r e e  main s e c t i o n s .  In the f i r s t  
s e c t i o n  the r e s i n  p r o p e r t i e s  and the p r o p e r t i e s  o f  the  la m in a te s  made with  
the r e s i n s  have been a s s e s s e d .  This was done in o r d e r  to p ro v ide  a b e t t e r  
understand in g o f  la m in a te  p r o p e r t i e s  and to  ensure la m inate  q u a l i t y .  The 
p r o p e r t i e s  and b e h a viour  o f  the la min ates  had to  be compared w i th  those  
o b t a i n e d  by p r e v io u s  w orkers  [ 1 , 2 ] and a l s o  checked f o r  t h e i r  c o n s i s t e n c y  
w i th  r e s i n  p r o p e r t i e s .  In the second s e c t i o n  the phenomenon o f  
s t r e s s - w h i t e n i n g  i s  c h a r a c t e r i s e d  and the f a c t o r s  c o n t r o l l i n g  
s t r e s s - w h i t e n i n g  a r e  d i s c u s s e d .  The t h i r d  s e c t i o n  i s  c o n c e n t r a te d  on the 
q u a n t i f i c a t i o n  o f  s t r e s s - w h i t e n i n g  usi ng  an o f f - a x i s  LASER d i f f r a c t i o n  
t ec h n iq u e  in which the i n t e n s i t y  o f  the l i g h t  d i f f r a c t e d  by m i c r o - c r a c k s ,  
which cause the  w h i t e n i n g ,  was used as a measure o f  the damage. An 
a d d i t i o n a l  s e c t i o n  which d i s c u s s e s  the e f f e c t  o f  heat  tre atm ent  on 
microdamage i s  a l s o  i n c l u d e d .
5 . 1 .  C h a r a c te r isa t io n  o f  Resin and Laminate P r o p e r t ie s .
5 . 1 . 1 .  Resin p r o p e r t i e s .
The r e s u l t s -  in s e c t i o n  4 . 1 . 1  show t h a t  as the l e v e l  o f  a c c e l e r a t o r  in the 
epoxy r e s i n  system i s  i n c r e a s e d ,  the  Youngs modulus and y i e l d  s t r e s s  o f  the  
r e s i n  d e c r e a s e .  This i s  accompanied by a d e f i n i t e  i n c r e a s e  in the g l a s s  
t r a n s i t i o n  tem pe ratu re ,  Tg. The t e n s i l e  f r a c t u r e  beh avi our  shows t h a t  the 
r e s i n s  are  f l a w  s e n s i t i v e  and when the s u r f a c e  f la w s  are  p a r t l y  removed the 
t e n s i l e  f r a c t u r e  s t r a i n  i s  i n c r e a s e d .  The P o i s s o n ' s  r a t i o  appears  to 
i n c r e a s e s  with  i n c r e a s e d  a c c e l e r a t o r  but  t h i s  i n c r e a s e  i s  w i t h i n  exper iment al  
e r r o r  and must be regarded as t e n t a t i v e .
The d e c r e a s e  in t e n s i l e  modulus and y i e l d  s t r e s s  (measured in compression) 
wi th  i n c r e a s e d  c r o s s - l i n k  d e n s i t y  (as i n d i c a t e d  by the h ig h e r  g l a s s  
t r a n s i t i o n  temperature)  app ears  s u r p r i s i n g  a t  f i r s t ,  s i n c e  g e n e r a l l y  epoxy 
f o r m u la t i o n s  are  e x p e ct e d  to  show an i n c r e a s e  in modulus with i n c r e a s e d  
c r o s s - l i n k i n g .  However, t h e r e  i s  ev id enc e  in the l i t e r a t u r e  s u g g e s t i n g  t h a t
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t h i s  i s  not the ca se  f o r  a l l  f o r m u l a t i o n s .  Yamini and Young [ 1 3 ]  f o r  example 
have found t h a t  in a r e s i n  system c o n s i s t i n g  o f  Epikote  828 (DGEBA r e s i n )  
cured with  d i f f e r e n t  amounts o f  a t r i e t h y l e n e t e t r a m i n e  (TETA), but the same 
cu re s ch e d u l e ,  both the modulus and y i e l d  s t r e s s  (measured in compression) 
d ecr ease d  with i n c r e a s i n g  amount o f  h ar d ener .  The modulus and y i e l d  s t r e s s  
a l s o  de cr ease d when the p o s t - c u r e  tem peratu re was i n c r e a s e d .  The g l a s s  
t r a n s i t i o n  tem perature on the  o t h e r  hand showed an i n c r e a s e  with i n c r e a s i n g  
amounts o f  hardene r.
Brown [8 1]  has shown t h a t  f o r  g l a s s y  polymers i n c r e a s e s  in modulus oc cu r  
s i m u l ta n e o u s ly  with  i n c r e a s e s  i n  t h e  y i e l d  s t r e s s .  The r a t i o  o f  y i e l d  s t r e s s  
to  Youngs modulus (Oy/E) i s  a p p r o x i m a te l y  co n s t a n t  f o r  a v a r i e t y  o f  g l a s s y  
polymers ,  g e n e r a l l y  equal to  a bo ut  0.025 or  f a l l i n g  in  t h e  range 0.033 t o  
0.0166.  These r a t i o s  were determined by Brown us in g  t e n s i l e  y i e l d  s t r e s s  and 
modulus d a ta .  Epoxy r e s i n s  ar e  bi mo dul ar  m a t e r i a l s  as d i s c u s s e d  in Chapter  2 
and, t h u s ,  the Oy/E r a t i o  f o r  the  epoxy r e s i n s  used in the expe riments  cannot  
be p r o p e r l y  e v a l u a t e d  s i n c e  the  y i e l d  s t r e s s  has been measured in compression 
w h il e  the modulus was measured in t e n s i o n .  N e v e r t h e l e s s ,  the r a t i o ,  usi ng  
the  co mp ressive  y i e l d  s t r e s s ,  i s  v e r y  c l o s e  to  the  range quoted f o r  the 
g l a s s y  polymers above,  and a l l  t h r e e  epoxy r e s i n s  in t h i s  study had v a lu e s  o f  
0.036 ± 0.002. To o b t a i n  a t r u e  v a l u e  o f  the  r a t i o  e i t h e r  a comp ressive  
modulus i s  r e q u i r e d  o r  a t e n s i l e  y i e l d  s t r e s s .  I t  i s  d i f f i c u l t  to o b ta i n  a 
t e n s i l e  y i e l d  s t r e s s  because t h e  p l a s t i c  defor mat ion p r o c e s s e s  e x h i b i t e d  in 
compression ar e  not e v i d e n t  in t e n s i o n  due to premature f r a c t u r e .  For 
p l a s t i c s  t h a t  y i e l d  in t e n s i o n  t h e  r a t i o  o f  the  y i e l d  s t r e n g t h  in compression 
to  the y i e l d  s t r e n g t h  in t e n s i o n  i s  a pp r ox im a te ly  1 . 3  [ B 2 ] . I f  t h i s  r a t i o  i s  
a p p l i e d  to the  epoxy r e s i n  and a p r e d i c t e d  va lu e  o f  y i e l d  s t r e n g t h  o b t a i n e d ,  
then the r a t i o  o f  Oy/E i s  found to  be 0.028.  This  i s  w i t h i n  the range quoted 
f o r  g l a s s y  poly mers.  Yamini e t  al  [ 1 3 ]  have shown t h a t  f o r  t h e i r  epoxy r e s i n  
system, which bears  many s i m i l a r i t i e s  to  the r e s i n  used in the p r e s e n t  work, 
the em p ir ica l  r u l e  o f  ay/E which governs the y i e l d  beh avi ou r  o f  g l a s s y  
polymers was a l s o  obeyed a lt h o u g h  t h e y  a l s o  measured a comp ressive  y i e l d  
s t r e n g t h  w h il e  the Youngs modulus was measured in a t h r e e  p o i n t  bend t e s t .  
They concluded t h a t  the  y i e l d i n g  b e h a v i o u r  can be e x p l a i n e d  usi ng  the c u r r e n t  
m o le cu la r  t h e o r i e s  w ith  good agreement a t  a l l  temperatures  up to the g l a s s  
t r a n s i t i o n  tem peratu re and t h a t  t h e  p resenc e o f  c r o s s - l i n k s  did not  
fundam ental ly  a f f e c t  the y i e l d  b e h a v i o u r  o f  the polymer.
An e x p l a n a t i o n  f o r  the s u r p r i s i n g  f a c t  t h a t  the Youngs modulus and y i e l d  
s t r e s s  o f  some epoxy r e s i n s  a c t u a l l y  d e c r e a s e  with  i n c r e a s e d  c r o s s - l i n k i n g
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has been advanced by Enns and Gil lham [8 2 ] .  Enns e t  al s t u d i e d  the  e f f e c t  o f  
the  e x t e n t  o f  cu re on the  modulus,  d e n s i t y ,  mois ture  a b s o r b t i o n ,  and the  
g l a s s  t r a n s i t i o n  t em pe ra tu re ,  Tg, o f  a s t o i c h i o m e t r i c  m ixt ure  o f  E p ik o te  828 
r e s i n  and 4 , 4 ' -diami nodi phenyl sul phone. The au tho rs  used a s i n g l e  cu re  
tem peratu re o f  175°C but  v a r i e d  the cu re  time to  o b ta in  r e s i n s  w i t h  d i f f e r e n t  
c r o s s - l i n k  d e n s i t i e s .  They found t h a t  th e room tem peratu re d e n s i t y  and
modulus d ecre ased  wi th i n c r e a s i n g  c r o s s - l i n k  d e n s i t y  w h i l s t  the g l a s s  
t r a n s i t i o n  tem perature i n c r e a s e d .  F u r t h e r ,  h i g h e r  e q u i l i b r i u m  m o is tu r e
c o n t e n t s  and, h i g h e r  a b s o r p t i v i t y  w i th  i n c r e a s i n g  cu re  su g g e ste d  an i n c r e a s i n g  
f r e e  volume and hence,  i n c r e a s i n g  s p e c i f i c  volume.
Enns e t  al [82] e x p l a i n  t h i s  a p p a r e n t ly  anomalous behavi ou r  w i th  r e f e r e n c e  to  
schema tic  p l o t s  o f  s p e c i f i c  volume v e r su s  tem perature f o r  a p a r t i a l l y  cured 
and f u l l y  cured r e s i n ,  shown in s i m p l i f i e d  form in F ig u r e  5 . 1 .  In the 
rubbery s t a t e  above the  temperatu re TgOT, the d e n s i t y  o f  the more c r o s s - l i n k e d  
m a t e r i a l  i s  h ig h e r  but  i t s  Tg i s  a l s o  h i g h e r .  As a r e s u l t  the s p e c i f i c  
volume ve r sus  tem peratu re cu rv e s  can c r o s s .  T his  would r e s u l t  in  a lower 
d e n s i t y  a t  room temperatu re f o r  the more h i g h l y  cured m a t e r i a l .  The room 
tempe rature modulus i s  lower  s i n c e  i t  i s  d i r e c t l y  p r o p o r t i o n a l  to  d e n s i t y .
At  room temperature the more h i g h l y  cured r e s i n  i s  f u r t h e r  from e q u i l i b r i u m
and t h e r e f o r e ,  has more f r e e  volume than the  r e s i n  with  a lower de g ree  o f  
c u r e .
The modulus o f  the r e s i n  with  the l o w e s t  a c c e l e r a t o r  l e v e l  i s  n o n - l i n e a r  
beyond about  0.5% s t r a i n .  F ig u re  5 . 2  shows the  change in modulus o f  t h e  0.5% 
BDMA r e s i n  as a f u n c t i o n  o f  a p p l i e d  s t r a i n .  By about  1.5% s t r a i n  the  modulus 
i s  reduced by 9% o f  i t s  i n i t i a l  v a l u e .  The e f f e c t  o f  t h i s  d e c r e a s e  on 
la m inate  modulus i s  d i s c u s s e d  in the next  s e c t i o n .
In c o n c l u s i o n ,  i t  has been found t h a t  as the l e v e l  o f  a c c e l e r a t o r  in  the 
r e s i n  system i s  i n c r e a s e d  the t e n s i l e  modulus o f  the r e s i n  and i t ' s  y i e l d  
s t r e n g t h  in compression ar e  d ecr ease d  w h i l e  the g l a s s  t r a n s i t i o n  tem peratu re  
i n c r e a s e s ,  showing an i n c r e a s e  in c r o s s - l i n k  d e n s i t y .  The r e s i n  c o n t a i n i n g  
the s m a l l e s t  amount o f  a c c e l e r a t o r  showed n o n - l i n e a r  be h a viour  beyond a 
s t r a i n  o f  about  0.5%.
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(a) S e c a n t  modulus.
The measured s e c a n t  moduli ( a t  0.2%) o f  a l l  the la m ina te s  were compared w i th  
the  p r e d i c t i o n s  o f  t h e  Halpin -T sa i  e qu at io ns  combined with the  c l a s s i c a l  
lamin ate d p l a t e  th e o r y  ( s e e  T ab le  4 . 8 ) .  In g e n e r a l ,  the  r e s u l t s  were in good 
agreement,  to  w i t h i n  10%. The r e s u l t s  were a l s o  compared, where p o s s i b l e ,  
w ith  those  o f  o t h e r  workers  u s in g  the  same g l a s s  f i b r e  and m a t r ix  systems 
[ 3 , 8 ]  and were found t o  a g r e e  w e l l .  Laminates 11  and 12 ( ( 0 , 9 0 ) s , 2d = 1 .0  
mm and 0 .5  mm r e s p e c t i v e i y , 3.0% BDMA) were the on ly  e x c e p t i o n s  where the  
c a l c u l a t e d  v a lu e s  were lo w e r  by 2 t o  5 GPa compared to the ex pe riment al  
r e s u l t s .  This c o u ld  be a t t r i b u t e d  t o  t h e  f a c t  t h a t  o n ly  an ave ra ge  v a l u e  o f  
volume f r a c t i o n  o f  f i b r e s  i s  measured f o r  the ( 0 ,9 0 ) s la m inates  and i t  i s  
t h i s  v a l u e  t h a t  i s  used in the  c a l c u l a t i o n .  I t  i s  p o s s i b l e  t h a t  t h e  0 ° p l i e s  
c o n t a in e d  more g l a s s  f i b r e  than the ave ra ge  va lu e  measured, which i s  in  f a c t  
q u i t e  low (s e e  Table  4 . 7 ( c ) ) .
The moduli o f  the c r o s s - p l y  lam in ate s  i n c r e a s e  as the p ro p o r t i o n  o f  the 
90°ply  i s  d e c r e a s e d ,  in a cc ordan ce  with the " r u l e  o f  m ix tures"  approach o f  
the c l a s s i c a l  lam in ated  p l a t e  t h e o r y .  The moduli a l s o  show a d e c r e a s e  wi th  
i n c r e a s i n g  l e v e l  o f  a c c e l e r a t o r  and the va lu es  can be p r e d i c t e d  from the 
measured va lu e s  o f  the  m a tr ix  modulus. This pro vi de s  some degree  o f  
c o n f i d e n c e  in us ing  the l a m i n a t e s .
(b) Sec an t  modulus as a f u n c t i o n  o f  s t r a i n .
An i n t e r e s t i n g  a s p e c t  o f  the  90° u n i d i r e c t i o n a l  la min ates  and some c r o s s - p l y  
l a m in a te s  was the r e d u c t i o n  in modulus with  i n c r e a s i n g  s t r a i n .  F ig u re  5 . 3  
compares the s t r e s s / s t r a i n  t r a c e  o f  a 90° u n i d i r e c t i o n a l  specimen w i th  t h a t  
o f  a 0° specimen from the  same la min ate  c o n t a i n i n g  a 0.5% BDMA m a t r i x .  The 
0° specimen has a modulus v a l u e  which remains c o n s t a n t  up to  a s t r a i n  o f  0.4% 
above which a small i n c r e a s e  i s  ob se rve d .  This i n c r e a s e  wi th  s t r a i n  may be 
a t t r i b u t e d  to  the improved al ignment  o f  f i b r e s  towards the l o a d in g  a x i s .  The 
t r a n s v e r s e  p r o p e r t i e s  o f  the la m ina te  are  matrix  dominated and the  v a l u e  o f  
the modulus i s  much lo w e r  than t h a t  o f  the 0° u n i d i r e c t i o n a l  l a m i n a t e .  The 
modulus i s  a l s o  obse rve d  t o  d e c r e a s e  with i n c r e a s i n g  a p p l i e d  s t r a i n .  I t  i s  
no te d ,  however, t h a t  the  d e c r e a s e  i s  gradual and a sudden r e d u c t i o n  a t  a 
s p e c i f i c  s t r a i n  or  a "knee"  as r e p o r t e d  by P a r v i z i  e t  al  [2 ]  i s  no t  o b s e r v e d .
5 . 1 . 2 .  L am in a te  p r o p e r t i e s .
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The d e c r e a s e  in modulus can oc cu r  from two p o s s i b l e  s o u r c e s ;  ( i )  the 
v i s c o - e l a s t i c  p r o p e r t i e s  o f  the m a tr ix  and ( i i )  the development of  
microdamage or  cr a ck s  normal t o  the lo a d i n g  a x i s .
( i )  S t i f f n e s s  r e d u ct io n  due to  v i s c o - e l a s t i c i t y  o f  the r e s i n .
The l i n k  between the f l e x i b i l i t y  o f  the r e s i n  and the appearance o f  
n o n - 1 i n e a r i t y  or  v i s c o - e l a s t i c i t y  in  the  s t r e s s / s t r a i n  cu rv e s  o f  90° 
u n i d i r e c t i o n a l  lam in ate s  wi th  the  same r e s i n s  has been r e p o r t e d  by Hull [B2] 
f o r  t h r e e  g l a s s / p o l y e s t e r  r e s i n  l a m i n a t e s .  The p l o t s  o f  s t r e s s  a g a i n s t  
s t r a i n  f o r  the p o l y e s t e r  r e s i n s  and the  c o rre sp on d in g  u n i d i r e c t i o n a l  laminae 
in t r a n s v e r s e  t e n s io n  showed t h a t  the  non-1 i n e a r i t y  o b s e r ve d  in  the  r e s i n s  
p r i o r  to  f r a c t u r e  a l s o  appeared in the  laminae and was most ob vio us in the 
lam inate  with the  most f l e x i b l e  r e s i n .  S i m i l a r  be h a viour  was a l s o  ob se rved  
when t e s t i n g  in sh ear  mode. The s t r a i n s  a t  which the  90° u n i d i r e c t i o n a l
la m i n a t e s  f r a c t u r e d  were an o r d e r  o f  magnitude lower then the  c o rre sp on din g
f a i l u r e  s t r a i n s  o f  the r e s i n ,  a l tho ug h the lami na te  w i th  the  h i g h e s t  s t r a i n  
to  f a i l u r e  cont aine d the most d u c t i l e  r e s i n .  I t  may be argued t h a t  the 
r e l a t i v e l y  low f a i l u r e  s t r a i n s  o f  the la min ates  r e f l e c t  the  s t r a i n  
m a g n i f i c a t i o n  in the r e s i n  due to  the  presence  o f  f i b r e s ,  r e s u l t i n g  in
f a i l u r e  a t  low er  a p p l i e d  s t r a i n s .  The m a g n i f i c a t i o n  f a c t o r  depends on the 
r a t i o  o f  the f i b r e  modulus t o  the r e s i n  modulus, t h e  f i b r e  sp a c in g  and oth er  
f a c t o r s  a cco r din g  to the Kies  e q u a t io n  (e q . 2 . 1 0 ) .
The change in modulus as a f u n c t i o n  o f  s t r a i n  f o r  the epoxy r e s i n  w i th  0.5% 
BDMA i s  shown in F igure  5 . 2 .  The d e c r e a s e  appears to  be co nt in u ou s with 
i n c r e a s i n g  s t r a i n .  F ig u re  4.6  shows the s t r e s s / s t r a i n  curve  o f  a 90° 
u n i d i r e c t i o n a l  laminate  with a volume f r a c t i o n  o f  58% g l a s s .  The modulus 
drop observed f o r  the la m ina te  from 0.2% s t r a i n  to  0.35% s t r a i n  i s  
app rox im a te ly  0.9 GPa. In o r d e r  to  e s t im a t e  whether  t h i s  r e d u c t i o n  in
lamin ate  modulus can be accounted f o r  by the drop in the modulus o f  the  r e s i n  
a lo n e ,  the  s t r a i n  m a g n i f i c a t i o n  in the r e s i n  has to  be e s t i m a t e d .  This can 
be done by assuming t h a t  the f i b r e s  are  arranged in a square a r r a y .  The 
s t r a i n  m a g n i f i c a t i o n  f a c t o r  (SMF) i s  then given by e q . 2 . 1 0 ,
SMF = 2 + s / r  / [ s / r  + 2 (Em/Ef ) ] ,
where r  = r a d iu s  o f  f i b r e s ,  6 microns (measured va lu e )  Em = modulus o f  the 
r e s i n ,  3 .8  GPa. (measured v a lu e )  Ef  = modulus o f  the f i b r e s ,  72 GPa. (from 
[B2])  and s = spac in g  between f i b r e s ,  which can be determined from a
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knowledge o f  the volume f r a c t i o n  o f  f i b r e s  and by assuming a square  a r r a y  
a c c o r d in g  to  e q . 2 . 1 1
s = 2 r [ (tt /4 V f ) 1/2 _ l ]  9 
where s and r  have the same meaning as above.
With a volume f r a c t i o n  o f  58%, the SMF f o r  the 90° la m i n a t e  i s  e s t i m a t e d  to
be about  8 . Thus, f o r  an a p p l i e d  s t r a i n  o f  0.35% on the  l a m i n a t e ,  the
maximum s t r a i n  in the r e s i n  i s  a p p r o x i m a te ly  2.8%. The modulus o f  the  r e s i n  
a t  t h i s  s t r a i n  can be o b ta i n e d  by e x t r a p o l a t i o n ,  from F ig u re  5 . 2  and i s  
e st im at ed  to  be about  3 . 2  GPa. Using t h i s  va lu e  o f  r e s i n  modulus,  Em, in the 
H alpin -T sai  e q u a t io n ,
Et = Em (1 + X B  Yf  / 1 -  p Vf) ( 5 . 1 )
where X  i s  a packing f a c t o r  = 2 . 2 ,  Ef i s  the la m in a te  modulus, Vf i s  the
volume f r a c t i o n  o f  f i b r e s  and 3 i s  g iv e n  by,
3 = [( Ef /Em) -  1] / [ (  Ef /Em) + X ]  ( 5 .2 )
g i v e s  an e s t im a t e  f o r  the la m ina te  modulus o f  about  1 3 .6  GPa. This  i s  a 
r e d u ct io n  o f  about  2 GPa, from an i n i t i a l  v a lu e  o f  1 5 .5  GPa ( la m in a t e  1 ,  0.5% 
BDMA). Thi s  va lu e  i s  an o v e r - e s t i m a t e  s i n c e  the Kies  s t r a i n  m a g n i f i c a t i o n  
equat io n  a p p l i e s  only  to a ve ry  small volume o f  r e s i n  in  between the  f i b r e s .
The r e s i n  i s  expected t o  f r a c t u r e  b e f o r e  re aching  t h i s  s t r a i n  in s e v e r a l
p l a c e s  and the packing arrangement i s  not  a c t u a l l y  a square a r r a y .  The only  
purpose o f  t h i s  c a l c u l a t i o n  i s  to i l l u s t r a t e  t h a t  the r e d u c t i o n  in la m ina te  
modulus may be accounted f o r  by the  r e d u c t i o n  in t h e  r e s i n  modulus.
An a l t e r n a t i v e  argument can be employed to  r e l a t e  the r e d u c t i o n  in modulus to 
the SMF and r e s i n  modulus. For example,  s imply usi ng  e q n s . 5 . 1  and 5 . 2 ;  to  
o b ta in  a drop in the la m ina te  modulus o f  0.9 GPa. , a t  0.35% s t r a i n ,  a drop o f  
0.28 GPa. i s  r e q u ir e d  in the r e s i n  modulus and a t  0.35% s t r a i n  t h i s  means
t h a t  from F ig u r e  5 . 2 ,  the a ve r a ge  SMF in the la m ina te  i s  about  4.  T his  i s
h a l f  the maximum SMF g iv e n  by t h e  Kies  eq uat io n  which g i v e s  t h e  maximum SMF 
along a l i n e  AB ( s e e  F ig u r e  2 .2 )  and seems a r e as o n a b le  v a lu e  f o r  an a v e r a g e  
SMF. The a c t u a l  b e h a viour  o f  the r e s i n  i s  d i f f i c u l t  t o  p r e d i c t  bec ause o f  
the t r i a x i a l  s t r e s s  s t a t e ,  the non- id eal  packing geometry and the  f a c t  t h a t  
i t s  f r a c t u r e  behavi ou r i s  dominated by t h e  e f f e c t  o f  f l a w s .
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( i i )  S tiffn e s s  reduction due to  the presence o f flaw s.
The development o f  f l a w s  d u r in g  t e n s i l e  t e s t i n g  has been observed in the 
la m inates  p r i o r  to t r a n s v e r s e  f r a c t u r e  and i t  i s  p o s s i b l e  t h a t  t h e s e  
c o n t r i b u t e  to a s t i f f n e s s  r e d u c t i o n ,  p a r t i c u l a r l y  i f  the cr ack  f a c e s  ar e  
normal to  the t e n s i l e  a x i s .  In o r d e r  to  e s t im a t e  the  p o s s i b l e  c o n t r i b u t i o n  
to  s t i f f n e s s  r e d u c t i o n  an e s t i m a t e  o f  the f la w  dimensions i s  r e q u i r e d .  I t  
has been shown in s e c t i o n  4 . 2 .  t h a t  p r i o r  t o  t r a n s v e r s e  f r a c t u r e  or  c r a c k i n g ,  
the m icr o - cr a c k s  occu rred in s h o r t  d i s c r e t e  l e n g t h s ,  p a r a l l e l  t o  the 
l o n g i t u d i n a l  a x i s  o f  t h e  f i b r e s  in  the  90° p l y  (along the. width o f  the  
specimen),  see  F igu re 4 . 1 9 .  The s h o r t  width probably  being a f u n c t i o n  o f  
f i b r e  misal ignment and the  s p a c in g  between two f i b r e s  ( s e e  s e c t i o n  5 . 2 . 3 ) .  
These cr a ck s  developed th rou gh ou t  the  specimen, f r e q u e n t l y  i n i t i a t i n g  more 
numerously a t  the specimen edges ( j u d g i n g  from the  i n t e n s i t y  o f  s t r e s s -  
w h i t e n i n g ,  see  F igu re 4 . 1 4 )  and near  p ly  i n t e r f a c e s ,  but very  q u i c k l y  
de ve lop in g  throughout  the  90° p l y .  In F ig u re  4 . 1 9 ,  i t  can be seen t h a t  t h e r e  
i s  a wide d i s t r i b u t i o n  o f  c r a ck  w id th s  (w) in the d i r e c t i o n  p a r a l l e l  t o  the 
f i b r e  a x i s .  Edge-on views a lo ng  t h e  t h i c k n e s s  o f  the  90° p l y  show t h a t  the  
m icr o - cr ac k s  are  a s s o c i a t e d  w i th  c l o s e l y  spaced f i b r e s  and f o r  the purpose 
o f  an approximate c a l c u l a t i o n  o f  s t i f f n e s s  r e d u c t i o n ,  the cr ack  l e n g t h s  ( 2 a) 
as seen from the edge a r e  e s t i m a t e d  to  be o f  the o r d e r  o f  a f i b r e  d i a m e te r .
The s t i f f n e s s  r e duct ion  due to  the prese nc e  o f  a d i s t r i b u t i o n  o f  c r a c k s  can 
be e st im ate d  usi ng  the f o l l o w i n g  approximate argument a c c o r d in g  t o  P o u r s a t i p  
e t  al [ 8 3 ] ,  and with r e f e r e n c e  t o  F ig u r e  5 . 4 ;
The e l a s t i c ,  s t r a i n  ene rgy in an uncracked volume, V, o f  a materia l  w i th  a 
Youngs modulus, E0, held a t  a c o n s t a n t  s t r a i n ,  e ,  i s  g ive n by,
Ml = V E0 e 2 /2 ( 5 . 3 )
A f t e r  the i n t r o d u c t i o n  o f  c r a c k s ,  the energy i s  reduced t o ,
U2 = V E e2 /2 ( 5 . 4 )
assuming no change in s t r a i n  and where E i s  the modulus o f  the cr a ck e d  
m a t e r i a l .
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The energy d i f f e r e n c e ,  Ify -  Ify, i s  the energ y  l o s t  which i s  rou ghly  co n ta in e d  
in a c y l i n d r i c a l  volume, ira2w per  c r a c k ,  s i n c e  t h i s  volume i s  unloaded when 
the cr a ck  forms (s e e  F ig u r e  5 . 4 ) .  Thus,  f o r  n c r a c k s  in a volume V,
Ui -  U2 = n ir a2 w. E0 e 2 /2 ( 5 .5 )
Then, from e qua t io ns  5 . 3  and 5 . 4 ,
V E0 e 2/2 -  V E e 2/2 = n tt a2 w E0 e 2 /2
and,
E/E0 = 1 -  (k/V ),  ( 5 .6 )
where k = n tt a2 w.
I f  the crack  s i z e ,  2a,  i s  taken to be 12 microns ( t h e  di ameter  o f  the g l a s s  
f i b r e )  and w, the  width o f  the  c r a c k s  i s  taken to  be h a l f  the  width o f  the 
specimen ( i . e .  10 mm), then,  f o r  a modulus r e d u c t i o n  o f  0.8 GPa. (from 1 5 .5
GPa. a t  0.2% s t r a i n  t o  1 4 .7  GPa a t  0.35% s t r a i n ,  r e s u l t  f o r  la m ina te  1 ) ,  k/V
= 0.05 .
C on si d er  a volume o f  la m i n a t e ,  1 mm X 20 mm X 2 mm, wi th  a volume f r a c t i o n  o f  
58% g l a s s  ( l am in ate  1 ) ,  and assume a square  packing geometry,  then the number 
o f  f i b r e s  in t h a t  volume i s  10 ,3 6 8 ,  from eqn.  2 . 1 1 .
Now, i f  k = 0.05, and a = 6 microns and w = 10 mm, then n = 1770, where n i s
the number o f  c r a c k s .
Thus, in  or de r  to  a c h i e v e  a modulus r e d u c t i o n  o f  0.8 GPa. ,  the number o f  
c r a c k s  o f  dimension a = 6 microns and w = 10 mm i s  1770 ou t  o f  a p o s s i b l e  
10,368 which i s  the number o f  f i b r e s  in the volume near which c r a c k s  can 
o c c u r .  Thus, 17% o f  the f i b r e s  must have c r a c k s  a s s o c i a t e d  with  them. This 
p e r c e n ta g e  i n c r e a s e s  i f  the width o f  the cr a ck  (w) i s  reduced.  Assuming the 
w o r s t  c o n d i t i o n  where a l l  f i b r e s  have c r a c k s  a s s o c i a t e d  with them o f  depth 20 
mm, the width o f  the specimen,  the e x p e cte d  modulus drop i s  about  9 GPa. 
Thi s  g i v e s  an approximate lowe r bound o f  about  6 GPa. which i s  s l i g h t l y  
h i g h e r  than the modulus o f  the  r e s i n .  The above approximate a n a l y s i s  assumes 
an i s o t r o p i c  s o l i d .
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A more r i g o r o u s  a n a l y s i s  f o r  an a n i s o t r o p i c  s o l i d  by Gottesmann e t  al [84] 
g i v e s ,
E/Eo = 1 -  CD, ( 5 . 7 )
where D = n a2 w/V, and C i s  a c o n s t a n t  g iv e n  by,
C = IT (2 E l 2/Et ) 1 / 2  [ l / ( E i E t ) l / 2  + 1/2 ^  - - * i  / E j 1 / 2 (5 .8 )
f o r  c r a c k s  normal to the t e n s i l e  a x i s  but f i b r e s  p a r a l l e l  (0° u n i d i r e c t i o n a l
la m i n a t e  where E-j i s  the l o g i t u d i n a l  modulus and E  ^ i s  the t r a n s v e r s e  modulus 
and N> i s  the  P o i s s o n ’ s r a t i o ) .  For a 90° u n i d i r e c t i o n a l  la m i n a t e ,  Ej i s  
tak e n  as Et and the same a p p l i e s  to the o t h e r  p r o p e r t i e s .  T his  g i v e s  a va lu e  
o f  C, app roxim ate ly  equal t o  13 when f o r  a t r a n s v e r s e  p l y ,
Ei = 1 5 .5  GPa, Et  = 43.0 GPa,
G] = 3.0  GPa, \ =  0 . 1 .
Using the  above a n a l y s i s  w i th  a = 6 microns and w = 10 mm, f o r  a modulus drop 
o f  0.8 GPa. ,  4% o f  the f i b r e s  are  r e q u i r e d  to  have c r a c k s  a s s o c i a t e d  with 
them. For s m a l le r  w id ths o f  c r a c k ,  the number o f  c r a c k s  i s  h i g h e r  and 
i n c r e a s e s  by the same orde r  o f  magnitude as the  d e c r e a s e  in  w id th .  Thus,  i f  
the  width i s  reduced from 10 mm to 1 mm, the number o f  c r a c k s  i n c r e a s e  from 
427 t o  4270 to o b ta i n  the same r e d u c t i o n  in modulus. I t  should be noted t h a t  
as the  number o f  c r a c k s  i n c r e a s e  the a n a l y s i s  becomes l e s s  a p p l i c a b l e  s i n c e
the c r a c k s  begin to  i n t e r a c t  and so i t  cannot  be used t o  p r e d i c t  the  modulus
r e d u c t i o n  a t  high d e n s i t i e s  o f  c r a c k s .
I t  must be emphasised t h a t  i t  has not been p o s s i b l e  to  show c o n c l u s i v l y  t h a t  
the  m i c r o - f l a w s  are  r e s p o n s i b l e  f o r  the  observed r e d u c t i o n  in modulus. The 
a n a l y s i s  i s  a l s o  not s t r i c t l y  v a l i d  f o r  cr ack s t h a t  ar e  s m a l le r  than a few 
f i b r e  d iameters  s i n c e  i t  i s  assumed in the  a n a l y s i s  t h a t  the  c r a c k  s e e s  an 
e f f e c t i v e  homogeneous medium and the m ateri a l  a t  t h i s  s c a l e  cannot be 
c o n s i d e r e d  to  be homogeneous. A general  s o l u t i o n  to  t h e  problem o f  even a 
homogeneous e l a s t i c  body c o n t a i n i n g  a d i s t r i b u t i o n  o f  c r a c k s  i s  a d i f f i c u l t  
t a s k .  A s o l u t i o n  can be approached a n a l y t i c a l l y  f o r  t h e  c a s e  o f  
n o n - i n t e r a c t i n g  c r a c k s  or  n u m e r ic a l ly  f o r  a s p e c i f i c  p e r i o d i c  cr ack  geometry.  
Only upper and lower bounds can normally  be o b t a i n e d .  The cr a ck e d  m a t e r i a l  
i s  then assumed to be a homogeneous o r t h o t r o p i c  s h e e t  which c o n t a i n s  c r a c k s
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and the o r t h o t r o p i c  moduli a r e  t h e  e f f e c t i v e  composite  moduli as i n  the 
argument used abo ve.  A s i m i l a r  form has been a p p l i e d  s u c c e s s f u l l y  to 
a n g l e - p l y  la m in a t e s  to  a cco u n t  f o r  t h e  s t i f f n e s s  r e d u c t i o n  a r i s i n g  from the  
accumulat ion o f  f a t i g u e  damage in the  form o f  t r a n s v e r s e  p ly  c r a c k s ,  by
P o u r s a t i p  e t  al [ 8 3 ] .  I t  i s  not  ex pe ct ed to  work as w e l l  f o r  the
m i c r o - c r a c k s  f o r  the reas ons  d i s c u s s e d  above.
The purpose o f  the two e s t i m a t e s  o f  s t i f f n e s s  r e d u c t i o n  through ( i )  
v i s c o - e l a s t i c i t y  and ( i i )  development o f  micro-damage, i s  t o  show t h a t  e i t h e r  
mechanism c o u l d  acco un t  f o r  the  magnitude o f  s t i f f n e s s  r e d u c t i o n  monitored 
f o r  the  0.5% BDMA g l a s s / e p o x y  l a m i n a t e s .  From the  exper imen tal  o b s e r v a t i o n s  
o f  c r a c k s ,  the numbers o f  c r a c k s  e s t im a t e d  using the above approach ar e  
r e a s o n a b l e .  The two mechanisms a r e ,  o f  c o u r s e ,  not  m u tu al ly  e x c l u s i v e  and 
both pro ba bl y  o p e r a t e  in r e a l i t y .  The above approach can on ly  be a p p l i e d  a t  
very  low s t r a i n s  and c r a c k  d e n s i t i e s .  T ra ns verse  p l y  c r a c k i n g  o c c u r s  long 
b e f o r e  a l l  f i b r e s  ar e  debonded or  have c r a c k s  a s s o c i a t e d  w i th  them and t h u s ,  
the s t i f f n e s s  r e d u c t i o n  due t o  t r a n s v e r s e  p ly  c r a c k i n g  i s  the  more dominant 
e f f e c t  a t  h i g h e r  s t r a i n s .
The d e c r e a s e  in modulus might  a l s o  be a t t r i b u t e d  to  p l a s t i c  de for m at ion  or  
y i e l d i n g  o f  the m a t r i x .  However, such deformation i s  permanent and not  
r e c o v e r a b l e  and might  be e x p e ct e d  to  a f f e c t  the s t r e s s / s t r a i n  cu rv e  o f  the 
la m ina te  on r e - a p p l i c a t i o n  o f  l o a d .  This i s  not ob se rve d in p r a c t i c e  where 
on repe ated l o a d i n g  and u n lo a d i n g ,  the s e c a n t  modulus i s  a f f e c t e d  v e r y  l i t t l e  
by c y c l i n g .  In a d d i t i o n  t h e  r e t a i n e d  or  r e s i d u a l  s t r a i n  o b se r v e d  on 
unloading the specimen i s  dependent  on the time a t  lo ad and app ears
r e c o v e r a b l e .  This i s  shown in F ig u re  5 . 5 .  in which a 90° u n i d i r e c t i o n a l  
la m inate  was c y c l e d  seven t imes in s u c c e s s i o n .  During the f i f t h  c y c l e  the 
specimen was h el d a t  lo ad f o r  abou t  45 mins.  during which t ime the  specimen
r e l a x e d .  On immediate r e l o a d i n g  the specimen did not show any h y s t e r e s i s
( s i x t h  c y c l e ) .  A f t e r  15 mins. a t  ze r o  l o a d ,  the specimen appeared to  r e c o v e r
and during the se ve nt h  c y c l e  some h y s t e r e s i s  reappea red.  The specimen showed
tim e-dependent  e f f e c t s  due to  i t s  v i s c o - e l a s t i c  natu re  w h i l e  the  modulus
remained u n a f f e c t e d  a f t e r  c y c l i n g .  The r e s u l t s  o f  t h i s  experiment  s u g g e s t  
t h a t  the most l i k e l y  ca use  o f  t h e  r e d u c t i o n  in t r a n s v e r s e  modulus i s  the 
v i s c o - e l a s t i c  na tu re  o f  the  r e s i n .
-  2 1 3  -
The e f f e c t  o f  in n e r  90° p ly  t h i c k n e s s  o f  c r o s s - p l y  la m i n a t e s  on t h e  r e d u c t i o n  
in modulus.
The c r o s s - p l y  lam in ate s  do not show the  same r e d u c t i o n  in modulus a t  a g iven  
s t r a i n ,  as the u n i d i r e c t i o n a l  la m in a t e  t e s t e d  in t r a n s v e r s e  t e n s i o n ,  (s ee  
Table 4 . 7 ( a ) ) .  This  i s  not unexpected s i n c e  the 90° p l y  now c o n t r i b u t e s  l e s s  
to  t h e  o v e r a l l  modulus because o f  the  p resen ce  o f  t h e  0° p l i e s .  Based on the  
c l a s s i c a l  laminated p l a t e  t h e o r y ,  i t  can be shown t h a t  a r e d u c t i o n  in modulus 
o f  the  90° p l y  in a c r o s s - p l y  la m inate  by 0.8 GPa. would be e x p e ct e d  to  
produce a r e d uct ion  in the o v e r a l l  modulus o f  the c r o s s - p l y  la m in a t e  (b = 0.5  
mm, 2d = 2.0  mm) o f  about  0 .5  GPa. The c o n t r i b u t i o n  o f  t h e  90° p l y  in 
la m ina te s  wi th t h i n n e r  in n e r  p l i e s  i s  even l e s s  and would be beyond the l i m i t  
o f  d e t e c t i o n  by the  experimental  method used.
The e f f e c t  o f  a c c e l e r a t o r  l e v e l .
The re d u ct io n  in s t i f f n e s s  p r i o r  to  t r a n s v e r s e  c r a c k i n g  i s  v e r y  small (< 0.3 
GPa) f o r  the la m ina te s  made wi th r e s i n  c o n t a i n i n g  t h e  h i g h e r  l e v e l s  o f  
a c c e l e r a t o r  (1.5% BDMA and 3.0% BDMA). The h i g h e r  g l a s s  t r a n s i t i o n  
temperature o f  t h e se  r e s i n s  i n d i c a t e  h ig h e r  c r o s s - l i n k  d e n s i t i e s  compared to  
the 0.5% BDMA la m i n a t e s .  V i s c o - e l a s t i c i t y  i s ,  t h e r e f o r e ,  reduced and was not 
d e t e c t e d .  The s t r e s s - w h i t e n i n g  monitored in t h e s e  la m in a t e s  by LASER 
d i f f r a c t i o n  i s  a l s o  c o n s i d e r a b l y  lower (s e e  s e c . 5 . 3 ) .  The modulus r e d u ct io n  
i s  t h e r e f o r e ,  not  e x p e cte d  to  be ve r y  s i g n i f i c a n t  and t h i s  was found to  be 
the c a s e .
The e f f e c t  o f  s u r f a c e  f i n i s h  o f  g l a s s  f i b r e s .
The 90° u n i d i r e c t i o n a l  la m ina tes  c o n t a i n i n g  the g l a s s  f i b r e s  w i th  the s t a r c h  
f i n i s h  showed no re d u ct io n  in modulus p r i o r  to  t r a n s v e r s e  f r a c t u r e  in  e i t h e r  
the 0.5% o r  the 1.5% BDMA sy st e m s.  However, the measured modulus o f  t hese  
la m ina te s  p r i o r  to  t e s t i n g  was lower than the  p r e d i c t e d  v a l u e .  This  c o uld  
be the r e s u l t  o f  debonds p r e s e n t  in the la m i n a t e .  The s t a r c h  c o a t i n g  does 
not  c o n t a i n  co u p l i n g  a g en ts  nor i s  i t  com p at ib le  with the r e s i n .  Thus, a 
weak i n t e r f a c i a l  bond was ex pe ct e d  and c o n s i d e r a b l e  debonding was observed a t  
ze ro  l o a d .  I f  i t  i s  assumed t h a t  t h e s e  debonds a f f e c t  the  modulus in the 
same way as as f i b r e - a s s o c i a t e d  c r a c k s ,  d e scr ib e d  in s e c t i o n  5 . 1 . 2  ( b ) ,  and 
t h a t  the  width o f  the c r a c k s  i s  t h e  f u l l  width o f  the  specimen then the 
reduced modulus can be accounted f o r  i f  25% o f  the f i b r e s  have cr a c k s  
a s s o c i a t e d  with them. The poor bonding between f i b r e  and r e s i n  does no t
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a l l o w  any s t r a i n  m a g n i f i c a t i o n  to develop in the r e s i n  s i n c e  no s t r e s s  
t r a n s f e r  o c c u r s .  V i s c o - e l a s t i c  e f f e c t s  are  not  apparent  p r i o r  t o  f r a c t u r e .
(c)  T r a n s v e r s e  p l y  c r a c k i n g  s t r a i n s .
The s t r a i n  a t  which the  f i r s t  t r a n s v e r s e  p ly  crack  oc curs  in the 90° 
u n i d i r e c t i o n a l  la m ina te  i s ,  o f  c o u r s e ,  the f r a c t u r e  s t r a i n  o f  the  la m inate  in 
t h i s  p a r t i c u l a r  c a s e .  The f r a c t u r e  s t r a i n s  o f  the 90° u n i d i r e c t i o n a l  
la m in a t e s  (0.5% BDMA) were measured during the o f f - a x i s  LASER d i f f r a c t i o n  
t e s t s  and were found to va ry  from 0.35% t o  0.5% s t r a i n .  A l a r g e  number o f  
t e s t s  have to be c a r r i e d  ou t  to  determine a r e as on a ble  mean o f  the  f r a c t u r e  
s t r a i n  s i n c e  o f t e n  the  specimens f a i l  a t  the g r i p s  or  near the end t a g s  and 
t h e s e  v a l u e s  cannot  then be in c l u d e d  in the d e ter m in at ion o f  a ve r a ge  s t r a i n s .  
The l i m i t e d  r e s u l t s  a v a i l a b l e  i n d i c a t e d  an average f r a c t u r e  s t r a i n  o f  about  
0.4%.
The s t r a i n  to  f i r s t  t r a n s v e r s e  ply  crack  f o r  the c r o s s - p l y  la m ina te  (0.5% 
BDMA) with  an in n e r  p l y  t h i c k n e s s  e q u i v a l e n t  to  the  90° u n i d i r e c t i o n a l  p l y  (2 
mm) i s  expe ct ed to  be about  the same as f o r  the 90° u n i d i r e c t i o n a l  la min ate
a f t e r  c o r r e c t i o n  f o r  the  thermal s t r a i n s  (provided the  o u t e r  p l i e s  have no
o t h e r  e f f e c t  on the f a i l u r e  s t r a i n )  and t h i s  was found to be the c a s e .  The 
s t r a i n  to  the f i r s t  t r a n s v e r s e  cr a ck  i s  r e l a t i v e l y  e a s y  to  determine s i n c e  
f a i l u r e  does not now oc cu r  near  the end t ag s  due to the p r o t e c t i o n  a f f o r d e d
by th e o u t e r  0° p l i e s .  The t r a n s v e r s e  crack in t h i s  c a s e  i s  a l s o
i n s t a n t a n e o u s .  In la m ina te s  w i th  an inner  p ly  2d < 1 mm, however,  the f i r s t  
t r a n s v e r s e  p l y  cr a ck  appeared a t  the  edge o f  the specimen ( i . e .  spanning the 
t h i c k n e s s  o f  the 90° p l y  and e x te n d in g  only  a sh ort  way i n t o  the wi dth)  and 
then p r o g r e s s e d  s l o w l y  a c r o s s  the  w i d th .  The t r a n s v e r s e  p l y  c r a c k i n g  s t r a i n ,  
quoted in Table  4 . 1 0  r e p r e s e n t s  the s t r a i n  a t  which the cr a ck  f i r s t  
appeared on the ed ge.  Continued l o a d in g  r e s u l t e d  in a ra p id  i n c r e a s e  in the 
number of  t r a n s v e r s e  p ly  c r a c k s .  For the c r o s s - p l y  la mina te  wi th 2d = 0.5  mm 
a dramatic  i n c r e a s e  in t h e  s t r a i n  a t  which the f i r s t  t r a n s v e r s e  p ly  crack 
occu rred was ob se rve d .  Thus, in g e n e r a l ,  i t  was observed t h a t  e^c i n c r e a s e d  
as the t h i c k n e s s  o f  the  in n e r  p l y  de cre a s e d  with a dramatic  i n c r e a s e  a t  2 d = 
0.5  mm. Below a t r a n s v e r s e  p ly  t h i c k n e s s  o f  2d = 1 mm, the f i r s t  few c r a c k s  
to  appear  were edge c r a c k s  spanning a s h o r t  way i n t o  t h e  width and p ro g re ss e d  
s l o w l y  along the width on co nt inu ed l o a d i n g .
The ( 0 , 9 0 ) s la m inates  made from r e s i n  co n t a i n i n g  1.5% and 3.0% BDMA a l s o  
showed an i n c r e a s e  in the  t r a n s v e r s e  p l y  c r a c k i n g  s t r a i n  as the  t h i c k n e s s  o f
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the  in n e r  90° p ly  d e c r e a s e d .  However, the i n c r e a s e  di d  not  appear  as 
drama tic  as the  one o b s e r ve d  f o r  the 0.5% l a m i n a t e s ,  b e f o r e  a l l o w i n g  f o r  
thermal s t r a i n s ,  ov er  the p ly  t h i c k n e s s e s  i n v e s t i g a t e d .
The form o f  the i n c r e a s e  in e £c as a f u n c t i o n  o f  i n n e r  p ly  t h i c k n e s s  f o r  a l l  
t h r e e  groups o f  ( 0 ,9 0 ) s la m i n a t e s  i s  shown in F ig u re  5 . 6  (a)  b e f o r e  a l l o w i n g  
f o r  thermal s t r a i n  and (b) a f t e r  compensating f o r  thermal s t r a i n s .  F ig u re  
5.6 (b) shows t h a t  a f t e r  a l l o w i n g  f o r  the thermal s t r a i n s ,  the i n c r e a s e  in
e t c  appears  s i m i l a r  f o r  a l l  t h r e e  groups o f  l a m i n a t e s .  Bader e t  al [70]  have 
i n v e s t i g a t e d  the v a r i a t i o n  in  e t c  as a f u n c t i o n  o f  in n e r  p ly  t h i c k n e s s  f o r  a 
s i m i l a r  g l a s s  f i b r e / r e s i n  system ( e x c e p t  t h a t  the  f i b r e  t e x  o f  t h e  g l a s s  was 
1200 i n s t e a d  o f  the 600 used in the p re se n t  s t u d y ) .  The r e s i n  m a tr ix  
c o n t a i n e d  0.5% BDMA. T h e i r  r e s u l t s ,  a f t e r  a l l o w i n g  f o r  t h e  thermal s t r a i n s ,  
ar e  shown in F ig u re  5 . 6 ( c )  a lo n g  w i th  the r e s u l t s  o f  the  p r e s e n t  st udy  on the 
0.5% BDMA la m i n a t e s .  The r e s u l t s  ar e  compared wi th  the  p r e d i c t e d  v a lu e s  
ob ta ined  using the c o n s t r a i n t  th e or y  o f  B a i l e y  e t  al [ 8 5 ] ,  e q . 5 . 9 ,  and the 
s t r e s s  i n t e n s i t y  f a c t o r  approach o f  Ogin and Smith [ 7 3 ] ,  e q . 5 . 1 0 .  The
p r e d i c t e d  va lu e s  f o r  the la m in a t e s  used in t h i s  st ud y  usi ng  the c o n s t r a i n t  
t h e o r y  ar e  s i m i l a r  to  th o se  o f  B a i l e y  e t  al [85]  as shown in F ig u r e  5 . 7 ( c ) .  
The p r e d i c t e d  va lu es  us ing the  approach o f  Ogin and Smith have been obta in ed 
u s in g  a va lu e  o f  Gc = 240 J n r 2 as o b ta ine d  by B a i l e y  e t  al [85] and a va lu e  
o f  t r a n s v e r s e  modulus = 1 5 . 5  GPa., see  Table  4 . 7 ( a ) ) .  A l l  r e s u l t s  a r e  in 
c l o s e  agreement.
At  p l y  t h i c k n e s s  l a r g e r  than 2d = 0.25 mm, the e xp er im ent al  r e s u l t s  o f  Bader 
e t  al [70]  show some s c a t t e r  with v a l u e s  o f  Gtc around 0.6 t o  0.8% s t r a i n  
( i n c l u d i n g  thermal s t r a i n s ) .  A dramatic  i n c r e a s e  was ob s e r ve d  i n  t h e i r  
r e s u l t s  a t  2d = 0.25 mm from a s t r a i n  o f  about  0 .7  t o  1 .2%.  At p ly  t h i c k n e s s  
lower than 2d = 0.25 mm, the  la m inate  f r a c t u r e d  b e f o r e  t r a n s v e r s e  c r a c k i n g  
co u ld  be ob se rve d .  The p r e s e n t  r e s u l t s  show a small gradual i n c r e a s e  in the 
e t c  as 2c* d e cr e a se s  from 2 mm and a l a r g e  i n c r e a s e  a t  2d = 0.5  mm, which i s  
the t h i c k n e s s  a t  which the  t r a n s i t i o n  from " t h i c k "  to  " t h i n "  p ly  be h a viou r  i s  
e xpe ct ed to o c c u r ,  a c c o r d in g  to  the model proposed by Ogin and Smith [ 7 3 ] .  
Hence, the r e s u l t s  o f  t h i s  st ud y  a g re e  more c l o s e l y  w ith  t h e  p r e d i c t i o n s  o f  
Ogin and Smith. A l lo w in g  f o r  the v a r i a t i o n  in la m inate  f a b r i c a t i o n  
t e c h n iq u e s  the general  t re n d s  in r e s u l t s  are  c o n s i s t e n t  wi th  t h o s e  o f  B a i l e y  
e t  al [ 8 5 ] .  Both the c o n s t r a i n t  th e o r y  [85] and the  s t r e s s  i n t e n s i t y  f a c t o r  
approach [73]  d e s c r i b e  the exper imen tal  r e s u l t s  r e a s o n a b l y  w el l  d e s p i t e  t h e i r  
a p p a r e n t l y  d i f f e r e n t  a p p r o a ch e s .  However, both t h e o r i e s  make c e r t a i n  
s i m p l i f y i n g  assumptions and t h e s e  are  d i s c u s s e d  below.  More p r e c i s e
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a n a l y s i s ,  e s p e c i a l l y  the e f f e c t  o f  thermal s t r a i n s  may p ro v id e  even b e t t e r  
agreement.
B a i l e y  e t  al [85] use an ene rgy ba lan ce  argument and o b t a i n  an e x p r e s s i o n  f o r  
the  f i r s t  t r a n s v e r s e  p l y  c r a c k i n g  s t r a i n ,  e i Ci g iv en by,
e t c  = [2#t  b E1 ^ 1 / 2  / <b+d> Et  Ed  1 / 2 3 ( 5 .9 )
where 0 = (Ec Gt/E]Et) (b+d)/(b d2 )
Y t  i s  the f r a c t u r e  s u r f a c e  en erg y  per  u n i t  area o f  i n n e r  p l y ,  Ec » Et* and E 1 
a r e  the laminate  modulus, the  t r a n s v e r s e  modulus and the  l o n g i t u d i n a l  
modulus, Gt i s  the sh ear  modulus o f  the t r a n s v e r s e  p ly  and b and d are  the 
t h i c k n e s s  o f  the l o n g i t u d i n a l  p l y  and h a l f  t h e  t h i c k n e s s  o f  the t r a n s v e r s e  
pl y  r e s p e c t i v e l y .  The e x p r e s s i o n  does not c o n s i d e r  the  d i r e c t i o n  o f  cr a ck  
pro pa g a ti on  in the t r a n s v e r s e  p l y ,  i . e  normal o r  p a r a l l e l  t o  the  f i b r e  a x i s .
Ogin and Smith [73]  on the o t h e r  hand d e r i v e  a s t r e s s  i n t e n s i t y  f a c t o r ,  Kc 
f o r  an i d e a l i s e d  cr ack  which a l r e a d y  spans the t h i c k n e s s  o f  t h e  90° p l y  (but  
not the w i d t h ) .  The crack  i s  then co nside red  to be r e s t r a i n e d  by the 0° 
p l i e s  so t h a t  over  most o f  i t s  l e n g t h  t h e  load i s  t r a n s f e r r e d  by sh e ar  i n t o  
the ze r o  degree p l i e s .  The l o c a l  d i s tu r b a n c e  near the  cr a ck  t i p  i s  assumed 
to  span a d i s t a n c e  ' d 1 where 2d i s  the p ly  t h i c k n e s s .  Because the  cr a ck  i s  
r e s t r a i n e d  by the ze ro  degree p l i e s  the s t r e s s  i n t e n s i t y  f a c t o r  i s  assumed t o  
be l e s s  than the conv ent io na l  atir d J / 2  and j s taken to  be tf(2d ) * / 2 . j^ey  
then r e l a t e  t h i s  f a c t o r  t o  the s t r e s s  in the  t r a n s v e r s e  p l y  in  terms o f  the 
la min ate  modulus b e f o r e  c r a c k i n g ,  the t r a n s v e r s e  p ly  modulus, Et» and the 
s t r a i n  energy r e l e a s e  r a t e ,  Gc ( i n  a d i r e c t i o n  p a r a l l e l  to  the f i b r e s  in the 
90° p ly  s i n c e  the cr ack  a l r e a d y  spans the  t h i c k n e s s )  to  o b t a i n  the  s t r a i n  a t  
c r a c k i n g ,
s t c  = (Gc /Et  2d)1/2 (5 . 1 0 )
Both e qu at io n 5.9  and 5 . 1 0  a pp ly  when 2d i s  " s m a l l " .  Ogin and Smith employ 
the  co nce p t  o f  a c r i t i c a l  f la w  s i z e  to  determine the  p l y  t h i c k n e s s  a t  which 
the t r a n s i t i o n  from t h i c k  to t h i n  p ly  behaviour o c c u r s .  A c r i t i c a l  f l a w  s i z e  
i s  o b ta in e d  by propo sing  t h a t  a t  a c r i t i c a l  s t r a i n ,  ecp-jt  ( t he  f r a c t u r e  
s t r a i n  o f  the 90° u n i d i r e c t i o n a l  l a m i n a t e ) ,  a f la w  o f  ' c r i t i c a l '  dimensions 
i s  formed by the growth o f  debonds. The dimensions be ing  
2a c r i t .  p e r p e n d i c u l a r  to  the f i b r e s  and 2 1 ' p a r a l l e l  to  the f i b r e s  (where 2 1 '
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> 2a c r i t ) *  Thi s  1S ^ en an e n c l o s e d  f la w  in the c e n t r e  o f  the p l y .  I f  the 
p ly  t h i c k n e s s  2d i s  l a r g e  and the  c o n d i t i o n ,
6c r i t  ^t (1T ac r i t ) 4/^  > ^c ( 5 . 1 1 )
i s  s a t i s f i e d ,  then f a s t  f r a c t u r e  i s  proposed both a c r o s s  the t h i c k n e s s  and
w idth .  There i s  an i m p l i c i t  assumption here t h a t  the  f l a w  s i z e  in  the
d i r e c t i o n  p a r a l l e l  t o  the  f i b r e s  i s  l a r g e r  than in the d i r e c t i o n  normal to 
the f i b r e s .  The shape o f  the f l a w  chosen ensure s  t h a t  the  f l a w  p ro pa g a te s  in 
such a manner as to make i t s e l f  ' square* so t h a t  pro pagati on  oc cur s
s im u l ta n e o u s ly  in both d i r e c t i o n s .  A lso  once the  f la w  has formed, Gc i s
assumed to be the same in a d i r e c t i o n  p a r a l l e l  and p e r p e n d i c u l a r  t o  the 
f i b r e s .
For a p ly  to be t h i n ,  the p ly  t h i c k n e s s  i s  sm a l le r  than 2ac n *t  so t h a t  even 
a f t e r  the f la w  spans the t h i c k n e s s  o f  the  90° p l y ,  2d, i t  i s  s t i l l  s t a b l e .  
F a s t  f r a c t u r e  oc cu rs  when the la m i n a t e  s t r a i n ,  e a , i s  i n c r e a s e d  such t h a t  the 
c o n d i t i o n ,
ea Et  (2 d )1/ 2 > kc ( 5 . 1 2 )
i s  s a t i s f i e d .  The t r a n s i t i o n  from t h i c k  to th in  p ly  behaviou r  oc c u r s  a t  
about  2d = tt ac n *-t. For the la m i n a t e  system used by Bader e t  al [85] t h i s  was 
p r e d i c t e d  to be 0 .5  mm w h i l e  t h e  t r a n s i t i o n  was a c t u a l l y  observed  a t  0.2 5 mm. 
The r e s u l t s  o f  the p r e s e n t  stud y  a g re e  more c l o s e l y  w ith  the p r e d i c t i o n s  o f  
Ogin and Smith [ 7 3 ] .  A lso  the  t r a n s i t i o n  to  high t r a n s v e r s e  p l y  c r a c k i n g
s t r a i n s  was observed a t  an in ner  p ly  t h i c k n e s s  of  0 .5  mm, as p r e d i c t e d  by
Ogin and Smith.
The treatment  o f  Ogin and Smith c o n s i d e r s  f a s t  f r a c t u r e  a c r o s s  the t r a n s v e r s e  
p l y .  In la m ina tes  used in t h e  p r e s e n t  s t u d y ,  i t  was ob se rve d t h a t  the 
t r a n s v e r s e  p ly  c r a c k s  i n v a r i a b l y  i n i t i a t e d  a t  the f r e e  edge and f o r  p ly  
t h i c k n e s s e s  below 1 mm the cr a ck  appeared a c r o s s  the t h i c k n e s s  and some way 
i n t o  the width b e f o r e  i t  was a r r e s t e d .  A f t e r  continu ed l o a d i n g  i t  then 
pro g re ss e d  s lo w ly  along the  w i d t h .  There are  a number o f  reas ons  f o r  t h i s
be h a viour .  F i r s t l y  the t e n s i l e  t e s t s  were c a r r i e d  out  in d isp lace m ent  
c o n t r o l  (as opposed to  lo ad c o n t r o l )  and the load  drop due to  the formation  
o f  the cr ack  might a c t  to slow the c r a c k .  Second ly,  the misal ignment o f  
f i b r e s  in the 90° p l y  c r e a t e  l o c a l  r e g i o n s  o f  in c r e a s e d  ' t o u g h n e s s '  which 
would a c t  to  slow the  c r a c k .  Indeed,  slow t r a n s v e r s e  p ly  cr ack  growth
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e n a b l e s  the c r a c k  t i p  to  b i f u r c a t e  and,  hence, the  t i p  i s  o b se rve d  to  be 
s p la y e d  and branches ahead o f  the  main crack ,  see F ig u re  4 . 1 9 ( d ) .  The t h i r d  
reason i s  pro vide d by Dvorak and Laws [7 4 ]  who apply  a s i m i l a r  t re a t m e n t  to  
t r a n s v e r s e  p ly  c r a c k i n g ,  in  terms o f  a c r i t i c a l  f l a w ,  as Ogin and Smith [ 7 3 ] .  
However, Dvorak e t  al  c o n s i d e r  two t y p e s  o f  t r a n s v e r s e  p l y  c r a c k s .  The f i r s t  
i s  a ty p e  ' L ' c r a ck  where c r a c k  p ro p a g a t io n  i s  in a d i r e c t i o n  p a r a l l e l  to  the 
f i b r e  a x i s  which th e y  show to c o n t r o l  the  s t r e n g t h  o f  t h i n  p l i e s .  The second 
i s  a typ e  *T' c r a c k ,  p e r p e n d i c u l a r  to  the  f i b r e  d i r e c t i o n  which determines 
the s t r e n g t h  o f  t h i c k  p l i e s .  S i n c e  G(L) ( s t r a i n  ene rgy r e l e a s e  r a t e  p a r a l l e l  
to  the  f i b r e s )  does not  depend on cr a ck  le n g t h  (t he  lo a d  i s  shed i n t o  the 0° 
p l i e s  over  most o f  the  d i s t a n c e  as proposed by Ogin and Smith) t yp e  L c r a c k s  
may be a r r e s t e d  more e a s i l y  due to  a l o c a l  r e d u c t i o n  in a p p l i e d  s t r e s s  or  p ly  
to u g h n e ss ,  GC( L ) .  In t h i n  p l i e s ,  t h e r e f o r e ,  where f a i l u r e  depends on type L 
c r a c k i n g ,  c r a c k s  a re  e a s i l y  a r r e s t e d .  In t h i c k e r  p l i e s  which s t a r t  to  f a i l  
by ty p e  T c r a c k s ,  G (L) i s  s t i l l  c o n s t a n t  but would be much l a r g e r  than Gc
(L) when a ty p e  L cr a ck  p ro p a g a te s  a lo ng  a wide f r o n t  [ 7 4 ] .  D e t a i l e d  s t u d i e s
o f  the f r a c t u r e  s u r f a c e s  may p ro v id e  use ful  in f o r m a t io n  r e g a r d i n g  the 
d i r e c t i o n  o f  c r a ck  p r o p a g a t i o n .
P e t e r s  [ 86] has su g g e ste d  t h a t  the prese nc e  o f  the o u t e r  0° p l i e s  has a 
c o n s t r a i n i n g  e f f e c t  on the f l a w s  p r e s e n t  in the  90° p l y  such t h a t  the  ones in 
a zone n e a r e s t  to the  0° p l i e s  ar e  more d i f f i c u l t  to  p ro p a g a te .  The
i n f l u e n c e  of  the c o n s t r a i n i n g  zone becomes g r e a t e r  as the  in n e r  p l y  t h i c k n e s s  
d e c r e a s e s .  The o b s e r v a t i o n s  o f  m i c r o - c r a c k s  in t h i s  study support  t h i s
argument in t h a t  a l a r g e  number o f  s t a b l e  m i c r o - c r a c k s  ar e  seen to deve lop 
c o n t i n u a l l y  a t  p o i n ts  o f  m a g ni f ie d  s t r e s s  in lam in ate s  w i th  th in  in n e r  p l i e s ,  
in p r e f e r e n c e  to  t r a n s v e r s e  f r a c t u r e  a c r o s s  the t h i c k n e s s .  For la min ates
with a t h i c k e r  inner  90° p l y  (2d = 2 mm), s t a b l e  m i c r o - c r a c k s  developed near
the 0/90 p ly  i n t e r f a c e  ( p o s s i b l y  due to  high thermal s t r e s s e s  in  t h i s  r e g io n)  
but  f r a c t u r e  always appeared to  oc cu r  from p o s i t i o n s  e ls e w h e re  in the p l y .  
The s t r a i n  a t  which f r a c t u r e  e v e n t u a l l y  oc cu rs  would,  t h e r e f o r e ,  be much
h i g h e r  f o r  the la m ina tes  w ith  s i g n i f i c a n t  c o n s t r a i n t  z o n e s .  This  r e p r e s e n t s  
the mechanical  analogue o f  the c o n s t r a i n t  t h e o r y  proposed by B a i l e y  e t  al 
[ 8 5 ] .
The mechanical analogue can be understood w ith  r e f e r e n c e  to  F ig u re  5 . 7 .
Where the two c o n s t r a i n t  zones o f  l e n g t h  ' c ' on e i t h e r  s i d e  o f  the  0/90 p ly  
i n t e r f a c e s  meet in the middle o f  the 90° p l y ,  r e p r e s e n t s  the p l y  t h i c k n e s s ,  
2d, a t  which c o n s t r a i n t  becomes e f f e c t i v e  as shown in F ig u re  5 . 7 ( b ) .  When 2d 
i s  g r e a t e r  than 2 c ,  an un con str a in e d  zone i s  s t i l l  p re se n t  ( F i g u r e  5 . 7 ( a ) ) .
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Where 2d = 2c i s  the  t r a n s i t i o n  from " t h i c k "  to  " t h i n "  p l y  b e h a viour  and i t  
i s  the p o in t  o f  minimum c o n s t r a i n t  s i n c e  the c o n s t r a i n i n g  i n f l u e n c e  i t s e l f  
must have a p r o f i l e  where c o n s t r a i n t  i s  h i g h e s t  n e a r e s t  to  the  0° p l i e s .  
F i g u r e  5 . 7  (c) shows the i n c r e a s i n g  c o n s t r a i n t .
The c r i t i c a l  f l a w  co nc ept  o f  Ogin and Smith [7 3 ]  and Dvorak and Laws [74]  
a l l o w s  the  t r a n s i t i o n  t h i c k n e s s  2d ( e q u i v a l e n t  t o  the  l e n g t h  2c o f  the  
c o n s t r a i n e d  zones) to  be determ ined.  However, i t  must be p o in te d  ou t  t h a t  
' c r i t i c a l '  f la w s o f  the type  o f  dimensions r e f e r r e d  to  by Ogin and Smith ( o f  
the  o r d e r  0 .15 mm, which i s  app roxi m ate ly  15 f i b r e  d i a m e te r s ,  have not been 
o b s e r ve d  in t h e s e  l a m i n a t e s .  Thi s  sup po rts  the  view put  forward by Wang e t  
al [87]  t h a t  the idea  o f  c r i t i c a l  f la w  s i z e s  i s  a u s e fu l  conc eptu al  p r o p e r t y  
o f  the m a te ri a l  p l y  which e n a b l e s  a gr oss  r e p r e s e n t a t i o n  o f  t h e  a c t u a l  
e f f e c t s  o f  i n h e r e n t  m a t e r ia l  f l a w s  to be made. The f l a w s ,  o f  c o u r s e ,  need 
not  be in h e r e n t  but as has been shown can de vel op  p r i o r  to  t r a n s v e r s e  
f r a c t u r e  a s s i s t e d  by the Kies  s t r a i n  m a g n i f i c a t i o n  in the p l y .  The 
d i s t r i b u t i o n  o f  f la w s  o r i g i n a t e  in l o c a l  random d i f f e r e n c e s  in f i b r e  packing 
and can be taken as the source o f  m u l t i p l e  p ly  f a i l u r e .
The form o f  the i n c r e a s e  in the s t r a i n  to  f i r s t  t r a n s v e r s e  c r a c k  as a 
f u n c t i o n  o f  inner  p ly  t h i c k n e s s  f o r  t h e  1.5% BDMA and 3.0% BDMA c r o s s - p l y  
la m in a t e s  i s  shown in F ig u re  5 . 6 ( a )  and ( b ) .  B e fore  a l l o w i n g  f o r  thermal 
r e s t r a i n t  s t r a i n s ,  (F ig u r e  5 . 6 ( a ) )  no dramatic i n c r e a s e  in the  f i r s t  
t r a n s v e r s e  ply  c r a c k i n g  s t r a i n  i s  observed even a t  2d = 0.5  mm. F ig u r e
5 . 6 ( b )  shows the f i r s t  t r a n s v e r s e  p l y  c r a c k i n g  s t r a i n s  a f t e r  t h e  thermal 
s t r a i n s  have been added to the measured c r a c k i n g  s t r a i n s .  The r e s u l t i n g  
gene ral  i n c r e a s e  in the c r a c k i n g  s t r a i n  may be dominated by t h e  thermal 
r e s t r a i n t  s t r a i n s  which a l s o  i n c r e a s e  with  d e c r e a s in g  i n n e r  p ly  t h i c k n e s s .  
I t  i s  po in ted ou t  t h a t  the thermal r e s t r a i n t  s t r a i n s  were c a l c u l a t e d  and in 
doing s o ,  se v e r a l  assumptions were made. For example,  i t  was assumed t h a t  
the  thermal expansion c o e f f i c i e n t  o f  the  r e s i n  did not  change s i g n i f i c a n t l y  
w ith  i n c r e a s i n g  c u r e .  For a more a c c u r a t e  a n a l y s i s  o f  the v a r i a t i o n  in 
c r a c k i n g  s t r a i n s  with inner  p l y  t h i c k n e s s ,  the  thermal r e s t r a i n t  s t r a i n s  
shoul d be measured e x p e r i m e n t a l l y .
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5 . 2 .  O b s e r v a t i o n s  o f  Damage.
5 . 2 . 1 .  Colour and w h ite n in g  e f f e c t s .
When a beam o f  l i g h t  i s  passed through a m a t e r i a l ,  i t s  p ro p a g a t i o n  i s  
a f f e c t e d  by the m a t e r i a l .  F i r s t l y ,  i t s  i n t e n s i t y  i s  d e cr e a se d  as l i g h t  
p e n e t r a t e s  i n t o  the m a t e r i a l  and s e co n d ly ,  i t s  v e l o c i t y  in the m a t e r i a l  
becomes s low er  compared to  t h a t  in a i r .  The l o s s  in i n t e n s i t y  i s  due to  
a b s o r p t i o n .  Under c e r t a i n  c o n d i t i o n s ,  s c a t t e r i n g  p la y s  an important  r o l e .  
General a b s o r p t io n  i s  shown by a m a t e r ia l  i f  i t  reduces  t h e  i n t e n s i t y  o f  a l l  
w ave le ng ths o f  l i g h t  e q u a l l y .  For w h it e  l i g h t  t h i s  means t h a t  the 
t r a n s m i t t e d  l i g h t ,  as seen by the  e y e ,  i s  o f  no p a r t i c u l a r  c o l o u r  but reduced 
in i n t e n s i t y  so t h a t  the  m a t e r i a l  appears g r e y .  More o f t e n ,  however,  
s e l e c t i v e  a b s o r b t io n  o f  wave leng th  o c c u r s .  Thus, a p i e c e  o f  green g l a s s  
absorbs the red and b lu e  ends o f  the v i s i b l e  spectrum p r e f e r e n t i a l l y  and o n ly  
the  green p a r t  o f  the spectrum i s  seen in the  t r a n s m i t t e d  l i g h t  and t h e  g l a s s  
i s  s a i d  to have a green body c o l o u r .  Surface  c o l o u r ,  on the o t h e r  hand, 
a r i s e s  because c e r t a i n  m a t e r i a l s ,  such as g o l d ,  have a h i g h e r  r e f l e c t i n g  
power f o r  some w a ve le n g t h s  than f o r  o t h er s  and, t h e r e f o r e ,  show c o l o u r  by 
r e f l e c t e d  l i g h t  w h i l e  any t r a n s m i t t e d  l i g h t  w i l l  have the  complementary 
col  our .
The b a s i c  p r o c e s s e s  o f  the s c a t t e r i n g  o f  l i g h t  by a c loud o f  f i n e  suspended 
p a r t i c l e s  can i n v o l v e  r e f l e c t i o n  and d i f f r a c t i o n  [B6] .  I f  t h e  p a r t i c l e  (or
r e f l e c t o r  or  s l i t )  i s  small compared to  the w aveleng th  o f  an i n c i d e n t  plane
wave (se e  F ig u re  5 . 8 ( a ) )  the r e f l e c t e d  secondary waves ar e  uniform s p h e r i c a l  
waves and the i n c i d e n t  beam i s  s a i d  to  be s c a t t e r e d ,  s i n c e  the laws o f  
r e f l e c t i o n  are  not a p p l i c a b l e .  The secondary waves ar e  produced by the 
induced v i b r a t i o n s  o f  the e l e c t r i c  charge s  in the s u r f a c e  o f  the p a r t i c l e  or  
s l i t .  I f  the  p a r t i c l e  i s  l a r g e r  than the i n c i d e n t  w a v e le n g t h ,  then the 
secondary s p h e r i c a l  w a v e l e t s  co o p e r a t e  to  produce sh or t  segments o f  p lane 
w a v e f r o n t s ,  which are  spread ou t  owing to  d i f f r a c t i o n  (s e e  F ig u r e  5 . 8 ( b ) ) .
The f i r s t  q u a n t i t a t i v e  study  o f  the laws o f  s c a t t e r i n g  by small p a r t i c l e s  was 
made in 1871 by Lord R a y le ig h  [ 88] .  The s c a t t e r e d  i n t e n s i t y  was found t o  be 
p r o p o r t i o n a l  to  the i n c i d e n t  i n t e n s i t y ,  the square o f  the volume o f  the 
p a r t i c l e  and to the i n v e r s e  f o u r t h  power o f  the w a v e le n g t h .  The l a t t e r
im p li es  t h a t  f o r  a g iv e n  s i z e  o f  p a r t i c l e ,  sh o r t  w a ve le ng ths  w i l l  be
s c a t t e r e d  more e f f e c t i v e l y  than long w a ve le n g th s .  Thus, s i n c e  red l i g h t  has 
a wavelength 1 . 8  t imes l a r g e r  than blue the law p r e d i c t s  ten t imes g r e a t e r
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s c a t t e r i n g  f o r  the bl ue from p a r t i c l e s  s m a l l e r  than the  w ave le ng th  o f  e i t h e r  
c o l o u r .  I f  w hite  l i g h t  i s  passed through a c l o u d  o f  s u f f i c i e n t l y  small 
p a r t i c l e s ,  the c loud t a k e s  on a c o l o u r  which depends on the s i z e  o f  the 
p a r t i c l e s .  With the s m a l l e s t  p a r t i c l e s  t h e  c o l o u r  w i l l  be b l u e  w h i l e  with  
i n c r e a s i n g  s i z e  the l i g h t  s c a t t e r e d  w i l l  c o n t a i n  l o n g e r  and l o n g e r  
w a ve le ng ths u n t i l  f i n a l l y  i t  becomes w h i t e  as a r e s u l t  o f  o r d i n a r y  d i f f u s e  
r e f l e c t i o n s  from the s u r f a c e  o f  the p a r t i c l e s .  At  the same t im e,  the l i g h t  
o f  the d i r e c t  beam t r a n s m i t t e d  through the  c loud  w i l l  appear  more and more 
red u n t i l  i t  cannot  be seen a t  a l l  [B 7 ] .
The c o l o u r  e f f e c t s  observed in the  la min ates  may be understood usi ng  the 
f o l l o w i n g  argument. At ze r o  a p p l i e d  l o a d ,  the  specimen when p la c e d  f l a t  on a 
p i e c e  o f  wh it e  paper appears  y e l l o w ,  a c o l o u r  imparted to  i t  by the r e s i n .
Under o b l i q u e  i l l u m i n a t i o n  c o n d i t i o n s  i t  appears b l u e  due to  s c a t t e r i n g  from
small c e n t r e s  in the l a m i n a t e ,  where small can be taken as an o rde r  o f
magnitude s m a l le r  than 400 nm, the  wavelength o f  b l u e  l i g h t .  As the s t r a i n
i s  a p p l i e d  to the specimen, more s c a t t e r i n g  oc cur s  due to  the development o f  
new s c a t t e r i n g  c e n t r e s  which may, or  may n o t ,  be s i m i l a r  to  t h o s e  p r e s e n t  a t  
ze ro  l o a d .  As more s c a t t e r i n g  c e n t r e s ,  such as c r a c k s ,  deve lop and t h e i r  
s i z e  i n c r e a s e s  (but  i s  s t i l l  s m a l l e r  than the  w ave leng th  o f  b l u e  o r  red 
l i g h t )  more blue l i g h t  i s  s c a t t e r e d  away from the main beam compared to  the 
red l i g h t  which has a lo n g e r  w ave leng th  so i s  s c a t t e r e d  l e s s .  The la m in a t e ,  
t h e r e f o r e ,  begins to show a magenta c o l o u r  fo l lo w e d  by red as the blue l i g h t  
i s  s c a t t e r e d  away in a l l  d i r e c t i o n s .  As the  s i z e  o f  the  s c a t t e r i n g  c e n t r e s  
i n c r e a s e s  with  f u r t h e r  s t r a i n i n g ,  they become too l a r g e  f o r  s c a t t e r i n g  to 
occur  and the specimen then begins  to  appear  w h i t e  due t o  o r d i n a r y  
r e f l e c t i o n s  from the s u r f a c e  o f  the s c a t t e r i n g  c e n t r e s .  D i f f r a c t i o n  e f f e c t s  
may a l s o  oc cur but are  not e a s i l y  observed under the c o n d i t i o n s  o f  t h i s  
e xper imen t.
R a y l e i g h ' s  theory a p p l i e s  to  p a r t i c l e s  t h a t  are  an o rde r  o f  magnitude s m a l l e r  
than t h e  wavelenth o f  the l i g h t .  M i e ' s  t h e o r y  [B7] which i s  more g e n e r a l i s e d  
tak e s  i n t o  account  the s i z e ,  shape,  d i e l e c t r i c  c o n s t a n t  and a b s o r p t i v i t y  o f  
the p a r t i c l e .  For Mie s c a t t e r i n g  the  r e l a t i o n s h i p  no l o n g e r  a p p l i e s .  
With i n c r e a s i n g  p a r t i c l e  s i z e  t h e  s c a t t e r e d  i n t e n s i t y  becomes l e s s  dependent  
on wave length u n t i l  f o r  s u f f i c i e n t l y  l a r g e  p a r t i c l e s  t h e r e  i s  no dependence 
a t  a l l .  (A ls o ,  the r e l a t i o n s h i p  i s  not  a monotonic o n e ) .  With l a r g e r  
p a r t i c l e s  or  o b j e c t s  the r e s u l t  o f  the i n t e r a c t i o n  wi th  l i g h t  i s  more 
a p p r o p r i a t e l y  d e s c r i b e d  by d i f f r a c t i o n .  This i s  d i s c u s s e d  f u r t h e r  in s e c t i o n
5 . 3 .
-  2 2 2  -
The upper l i m i t  f o r  p a r t i c l e  r a d i u s , ' a ' ,  f o r  which the R a y le ig h  e q u a t io n  i s  
presumed v a l i d  i s  s e t  a t  a/X = 0 .0 5 ,  where X i s  t h e  w ave leng th  o f  the  l i g h t .  
T his  i m p li es  t h a t  the c o l o u r  e f f e c t s  a r e  caused by very  small e n t i t i e s  or  
gaps between 20 and 40 nm, which in po ly m e r ic  systems i s  o f  the  same o r d e r  as 
the m o le cu la r  s i z e .  Thus,  i t  would appear  t h a t  the o n s e t  o f  w h it e n i n g  can be 
a s s o c i a t e d  with d e f e c t s  much s m a l l e r  than can be e a s i l y  r e s o l v e d  u s in g  the  
o p t i c a l  microscope.  That  such small gaps can e x i s t  in composi tes  was 
demonstrated by S a r g e n t  and Ashbee [ 7 7 ]  who r e p o r t e d  the  p resence  o f  small 
i n t e r f a c i a l  gaps o f  the o r d e r  o f  5 nm, between a g l a s s  f i b r e  and epoxy 
m a t r i x .  These were measured by s t u d y i n g  the  e f f e c t s  o f  l i g h t  t r a n s m i t t e d  
t r a n s v e r s e  to the f i b r e  a x i s ,  f o r  v a r y i n g  gap s i z e s  where the gaps between 
the  f i b r e  and m atr ix  were f i l l e d  wi th e i t h e r  a i r  o r  w a t e r .  C h a r a c t e r i s t i c  
p a t t e r n s  o f  l i g h t  and dark bands p a r a l l e l  to  the f i b r e  a x i s  were ob served 
when viewi ng  damaged specimens in  t r a n s m i t t e d  l i g h t .  I n d i v i d u a l  f i b r e s  
showed regi ons o f  i n t e r f a c i a l  c o n t r a s t .  Sargent  and Ashbee [7 7]  demonstrated 
t h a t  t h i s  c o n t r a s t  was a r e s u l t  o f  t h e  c r e a t i o n  o f  small i n t e r f a c i a l  gaps 
between f i b r e  and m a t r i x .  The gap width was e s t im a t e d  by comparing 
c a l c u l a t e d  and measured i n t e n s i t y  d i s t r i b u t i o n s  o f  t h e  t r a n s m i t t e d  l i g h t .
I t  i s  i n t e r e s t i n g  to note  t h a t  the red c o l o u r a t i o n  i s  not observed to  any 
g r e a t  e x t e n t  in the la m i n a t e s  c o n t a i n i n g  0.5% BDMA r e s i n  (s e e  F ig u r e  4 . 1 1  -
4 . 1 4 ) .  In s i t u  microscopy showed t h a t  the m i c r o - c r a c k s  which developed in 
the above la m inates  were g e n e r a l l y  l a r g e r  than t h o s e  ob se rved in the 
la min ate s  made with r e s i n  c o n t a i n i n g  1.5% BDMA o r  3.0% BDMA where the red 
c o l o u r a t i o n  was ob s e r v e d .  The l a c k  o f  a red c o l o u r a t i o n  in the  0.5% BDMA 
lam ina tes  su g g e s ts  t h a t  t h e r e  was no s i g n i f i c a n t  t r a n s i t i o n  s t a g e  in which 
small c r a c k s  e x i s t e d  and m i c r o - c r a c k s  appear  to  have "popped" open to  a 
c e r t a i n  s i z e  l a r g e  enough ( a t  l e a s t  l a r g e r  than 40 nm) to have s imply 
caused w h i t e n i n g .  This a l s o  e x p l a i n s  why m i c r o - c r a c k s  were much e a s i e r  
to d e t e c t  in the 0.5% BDMA system. On the o t h e r  hand, w h it e n in g  was 
b a r e l y  d e t e c t e d  in la m in a te s  made with  r e s i n  c o n t a i n i n g  3.0% BDMA a lt ho ug h 
a red c o l o u r a t i o n  was o b s e r v e d .  M i c r o -c r a c k s  were har dly  v i s i b l e  in
t h e s e  la min ates  implying  t h a t  t h e  reddening i s  a s s o c i a t e d  with s m a l l e r
cr a ck  s i z e s  which c o u ld  not be r e s o l v e d  e a s i l y  by photomicroscopy.  On 
a n n e a l i n g  a 3.0% BDMA specimen a f t e r  t e s t i n g ,  t h e  r e s i d u a l  red c o l o u r  
co uld  be removed, see  F ig u r e  4 . 1 8 ( g )  and ( h ) ) .  This  imp lied some
rearrangement o f  s t r u c t u r e ,  p o s s i b l y  c l o s u r e  o f  t h e  v e r y  small gaps.
The c o l o u r s  have been shown t o  be r e v e r s i b l e  wi th  l o a d .  The r e tu r n  to  the
b l u e  c o l o u r  upon s t r e s s  r e l i e f  in a s h o r t  r e g i o n  on e i t h e r  s i d e  o f  a
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t r a n s v e r s e  cr a ck  has been shown in s e c t i o n  4.2  to  be a s s o c i a t e d  w i th  the 
c l o s u r e  o f  small m i c r o - c r a c k s  in  t h i s  r e g i o n ,  see  F igure  4 . 1 9 ( d )  and F ig u re  
4 . 2 5 ( c ) .  The r e g io n  on e i t h e r  s i d e  o f  the crack  corresponds to the 
i n e f f e c t i v e  le n g t h  o r  the  s t r e s s  t r a n s f e r  le n g t h  su g g e s te d  by Hahn and Tsai  
[6 9 ] ,  ov e r  which the t r a n s v e r s e  p ly  c a r r i e s  no lo a d .  Hence the bands remain 
bl ue  on r e l o a d i n g ,  (n ot e:  s i n c e  the  whit e ning  and c o l o u r  changes were
a p p a r e n t ly  r e v e r s i b l e  on removal o f  l o a d ,  p a r t i c u l a r l y  in  the 90° p l y  i t  i s  
u n l i k e l y  t h a t  any c r a z i n g  had o c c u r r e d  because any c r a z e  f i b r i l s  formed would 
h in d er  c l o s u r e  o f  the c r a c k ) .
I t  i s  r e co g n ise d  t h a t  the m i c r o - c r a c k s  have a d i s t r i b u t i o n  o f  s i z e s .  T his  
was ob served du r in g  micro scopy and i s  a l s o  e x pect ed  s i n c e  t h e r e  i s  a 
d i s t r i b u t i o n  o f  s p a c in g s  between f i b r e s  and, t h e r e f o r e ,  in the s t r a i n  
m a g n i f i c a t i o n  f a c t o r s .  Thus, the  ' s i z e 1 r e f e r r e d  to  in  t h e  above d i s c u s s i o n  
i s  the predominant cr a ck  s i z e .
5 . 2 . 2 .  P o l ish e d  edge m icroscopy showing h e a l in g  o f  c r a c k s .
The r e v e r s i b i l i t y  o f  w h i t e n i n g  w i th  a nneal in g  a t  100°C in a la m in a t e  
c o n t a i n i n g  0.5% BDMA r e s i n  was shown in F ig u re  4 . 1 3 ( e )  and ( f )  and shown 
c l e a r l y  to be a s s o c i a t e d  w i th  the di sa pp e ara nce  o f  m i c r o - c r a c k s  in the  r e s i n  
in  F ig u re  4 .23 (b )  and ( c ) .  Crack c l o s u r e  and h e a l in g  o f  m i c r o - c r a c k s  s imply 
on removal o f  load  has been known to oc cur  in o t h e r  sys tem s.  Obreim off  [89] 
c a r r i e d  out  an exper iment  on th e c l e a v a g e  o f  mica in  which a g l a s s  wedge was 
i n s e r t e d  beneath a t h i n  f l a k e  o f  mica a t t a c h e d  to a pare nt  b l o c k ,  and was 
used to  d r i v e  a cr ack  a lo n g  the  c l e a v a g e  p la n e .  Obreimoff  ob se rve d t h a t  when 
performing the c l e a v a g e  t e s t  in vacuum, p a r t i a l  withdrawal o f  the g l a s s  wedge 
caused the cr a ck  to  r e t r e a t  and h e a l .  On r e i n s e r t i o n  o f  the wedge a f r a c t i o n  
o f  the c l e a v a g e  s t r e n g t h  was s t i l l  r e t a i n e d .  I n t e r e s t i n g l y ,  G r i f f i t h ' s  
c o n d i t i o n  f o r  cr ack  e q u i l i b r i u m  i m p l i e s  complete  r e v e r s i b i l i t y  o f  c r a ck  
growth.  I d e a l l y ,  r e l a x i n g  a lo a d  system to r e c o v e r  s t r a i n  and s u r f a c e  
e n e r g i e s  should ensure c l o s u r e  and h e a l i n g  o f  a c o n t r a c t i n g  c r a c k .  In 
p r a c t i c e ,  however,  i r r e v e r s i b l e  p r o c e s s e s  accompany f r a c t u r e  and t h e s e  a c t  to  
oppose i n t e r f a c i a l  bonding .  The new s u r f a c e  may a l s o  be exposed to  an 
environment and become co ntam in at ed .
For small m i c r o - c r a c k s , in  which the s e p a r a t i n g  w a l l s  do not  f u l l y  di se ng ag e  
during  the lo a d in g  s t a g e ,  the  s u r f a c e  s t r u c t u r e  may a i d  r e v e r s i b i l i t y  by 
"g u i d i n g "  the cr a ck  i n t e r f a c e  back to  i t ' s  o r i g i n a l  c o n f i g u r a t i o n .  L a t e r a l  
c o n s t r a i n i n g  e f f e c t s  a l s o  a i d  in  a l l o w i n g  the  cr ack  s u r f a c e s  to  a c h i e v e
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b e t t e r  c o n t a c t  as would com pre ss ive  thermal m i c r o s t r e s s e s .  Crack c l o s u r e  and 
h e a l i n g  can be induced,  in  p a r t i c u l a r  a t  high t em p e r a tu re s ,  where the
tendency f o r  m atte r  to  d i f f u s e  to  the crack t i p  i n t e r f a c e  from the
surroundi ng  regi on  o f  high r e s i d u a l  s t r e s s  may be an impor tant  mechanism. 
The f a c t  t h a t  the m i c r o - c r a c k s  which hea le d in the r e s i n  did not reap pea r  in 
the  same p o s i t i o n  a t  the same a p p l i e d  s t r a i n  as b e f o r e  a n n e a l i n g ,  see  F ig u re  
4. 23 (b )  and ( e ) ,  i s  e v id e n ce  t h a t  a s t r o n g  bond i s  formed. This  can oc cu r  
e i t h e r  by chemical r e a c t i o n  a c r o s s  the  c r a c k  i n t e r f a c e  s i n c e  the  r e s i n  i s  a 
p a r t i a l l y  r e a c t e d  non-equl ibrium system o r  by some form o f  i n t e r - p e n e t r a t i o n  
or  d i f f u s i o n  between the two s u r f a c e s  o r  a combination o f  t h e s e  two
p r o c e s s e s .  I t  has been r e p o r t e d  by Wool [27] t h a t  " h e a l i n g "  has been 
o b se rve d  in epoxy r e s i n  sy st e m s.  However} no exper ime ntal  e v i d e n c e  was
p r e s e n t e d .
While the w hit e ning  e f f e c t  was alm ost  f u l l y  r e v e r s i b l e  with  lo ad  in the 90° 
u n i d i r e c t i o n a l  la m ina te s  (s e e  F ig u r e  4 . 2 0 ( c ) ) ,  in t h e  ( 0 , 9 0 ) s la m ina te s  the 
amount o f  r e s id u a l  w h it e n in g  ( i . e  the  amount o f  w h it e n in g  r e t a i n e d  a t  ze ro  
load)  was found to  be on ly  p a r t i a l l y  r e v e r s i b l e .  The 0.5% BDMA specimen wi th  
an i n n e r  90° p ly  t h i c k n e s s  o f  0 .5  mm, showed the l a r g e s t  amount o f  r e s i d u a l  
w h i t e n i n g ,  compare F ig u re  4 . 1 9 ( c )  w i t h  4 . 2 0 ( c ) .  This  r e s i d u a l  w h it e n i n g  may 
be a s s o c i a t e d  with the  thermal r e s t r a i n i n g  e f f e c t  o f  t h e  0 ° p l i e s ,  which are  
r e s p o n s i b l e  f o r  p u t t i n g  the t r a n s v e r s e  p ly  under t e n s i o n  even a t  z e r o  a p p l i e d  
lo ad  due to  the d i f f e r e n c e s  in  the  thermal expansion c o e f f i c i e n t s  o f  t h e  0 ° 
p l i e s  and the 90° p l i e s  as d i s c u s s e d  in c h a p t e r  2.  The (0 ,9 0)s  la m in a te  wi th 
the t h i n n e s t  in n e r  p ly  e x p e r i e n c e s  the h i g h e s t  thermal r e s t r a i n t .  This  
r e s t r a i n i n g  e f f e c t  may not a l l o w  the m i c r o - c r a c k s  to  c l o s e  up even a f t e r  
removal o f  the lo a d .  They do, however, d isa pp ear  a f t e r  a n n e a l i n g  a t  100 °C 
and do not reappear  a f t e r  c o o l i n g  to  room tem peratu re.  This  s u g g e s ts  t h a t  a 
s t r o n g  bond i s  formed a c r o s s  the  c r a c k  i n t e r f a c e s .  The r e v e r s i b i l i t y  o f  
s t r e s s - w h i t e n i n g  i s  d i s c u s s e d  f u r t h e r  in s e c t i o n  5 . 4 .
5 . 2 .3  In s i t u  m icroscopy.
In s i t u  o b s e r v a t i o n s  o f  the  edge o f  the specimen a t  z e r o  a p p l i e d  s t r a i n ,  in 
t r a n s m i t t e d  l i g h t ,  showed t h a t  some damage was a l r e a d y  p r e s e n t  in  the 
la m i n a t e s ,  p a r t i c u l a r l y  in ( 0 , 9 0 ) s specimens.  The damage was mostly  in the 
form o f  f i b r e  s p l i t s .  These were u s u a l l y  found when a group o f  f i b r e s  in 
c o n t a c t  was bounded on one s i d e  by a r e s i n  r i c h  r e g i o n .  The f i b r e  s p l i t t i n g  
i s  b e l i e v e d  to  be caused by t h e  p re se n c e  o f  r e s i d u a l  thermal s t r a i n s  in the 
l a m i n a t e .  Asamoah and Wood [58]  have used a f i n i t e  e lement a n a l y s i s  to
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c a l c u l a t e  the d i s t r i b u t i o n  o f  thermal s t r e s s e s  f o r  c l o s e l y  spaced f i b r e s  in  a 
r e s i n  m a t r i x .  Based on t h i s  a n a l y s i s  they  have p o s t u l a t e d  t h a t  where the 
f i b r e s  ar e  b r i t t l e  and the  f i b r e / r e s i n  bond i s  s t r o n g ,  f i b r e  c r a c k s  may be 
e x p e c t e d  to  o c c u r ,  the l i k e l y  f a i l u r e  planes forming a r cs  between 
c o m p r e s s i v e l y  loaded c o n t a c t  l i n e s  between f i b r e s .  S in ce  most f i b r e  s p l i t s  
were found in ( 0 , 9 0 ) s l a m i n a t e s ,  p a r t i c u l a r l y  in the r e g io n  n e a r e r  the 0/90 
p l y  i n t e r f a c e s ,  i t  s u g g e s t s  t h a t  the  thermal p l y  r e s t r a i n t  s t r a i n s  p r o v i d e  
a d d i t i o n a l  s t r e s s e s  which l e a d  t o  f i b r e  s p l i t t i n g  in t h e s e  la m i n a t e s .
The m a j o r i t y  o f  damage t h a t  developed during lo a d in g  o f  the la m ina te s  below 
t h e  t r a n s v e r s e  p ly  c r a c k i n g  s t r a i n  was in  the  form o f  m i c r o - c r a c k s  which 
i n i t i a t e d  predominantly  in r e g io n s  where the f i b r e s  were ve ry  c l o s e  t o g e t h e r .  
T his  i s  in  acco rdance with  the  t h e o r y  o f  Kies  [60] which p r e d i c t s  t h a t  in  the  
p re se nc e  o f  an e x t e r n a l l y  a p p l i e d  lo a d  the s t r a i n  in the r e s i n  i s  m a g ni f ie d  
and i s  a maximum when the  f i b r e s  are  n e a r l y  in c o n t a c t .  McGarry [5 5]  has 
noted t h a t  the d i s t r i b u t i o n  o f  f i b r e  sp ac in gs  in a composite  i s  o f t e n  such 
t h a t  the  most dominant sp ac in g  i s  ze ro  ( f i b r e s  in c o n t a c t )  or  c l o s e  t o  i t .  
Hence, the  m a j o r i t y  o f  the damage i s  c o n c e n t r a te d  in t h e s e  r e g i o n s .
I t  was a l s o  observed t h a t  the f i b r e  c r o s s - s e c t i o n s  became b r i g h t e r  or  more 
prominent  as the s t r a i n  on the  specimen was i n c r e a s e d  and as m i c r o - c r a c k s  
d e v e l o p e d ,  F ig u re  4 . 2 5 ( b ) .  When a t r a n s v e r s e  cr a ck  was formed the 
m i c r o - c r a c k s  c l o s e d  up and a t  the  same i n s t a n t  the  f i b r e s  in  the  v i c i n i t y  o f  
the c r a c k  were observed to  l o s e  t h e i r  prominence. A c e r t a i n  amount o f  
s p a t i a l  d i s t o r t i o n  i s  a l s o  o b se rve d  showing the r e l a x a t i o n  o f  the  m atr ix  when 
a t r a n s v e r s e  cr a ck  i s  formed. The f i b r e  prominence s u g g e s t s  t h a t  as the 
specimen i s  s t r a i n e d  the  l i g h t  t r a n s m i ss io n  c a p a b i l t y  o f  the  f i b r e s  i s  
improved. Be fore  any c r a c k i n g  the l i g h t  i s  d i f f u s e d  away through the r e s i n  
because o f  the  c l o s e  c o n t a c t  and match in the  r e f r a c t i v e  index o f  the  r e s i n  
and f i b r e .  When the  c r a c k s  deve lop a t  or  very  c l o s e  to  the i n t e r f a c e  the 
c r a c k  i t s e l f  appears dark because the  l i g h t  in the gap i s  l o s t  through 
m u l t i p l e  r e f l e c t i o n  and does not reach the upper s u r f a c e  o f  the specimen.  
The f i b r e ,  however,  i s  a b l e  to  t r a n s m i t  more l i g h t  by a p ro ce s s  o f  i n t e r n a l  
r e f l e c t i o n  brought  about  by the change in r e f r a c t i v e  index o f  the  new medium 
( a i r )  now p r e s e n t  n e a r e s t  to i t .
Examination o f  the m i c r o - c r a c k s  shows the e f f e c t  o f  the degree  o f  cu re  o f  the 
r e s i n  m a t r ix  on the e x t e n t  o f  damage. The m i c r o - c r a c k s  in the high cu re 
la m i n a t e s  appeared to  be a t  a much e a r l i e r  s t a g e  o f  formation r e s u l t i n g  in a 
s m a l l e r  cr a ck e d  area a t  the  same a p p l i e d  s t r a i n .  This  i s  a l s o  e v i d e n t  in  the
- 226 -
pho to metric  t r a c e s  o f  l i g h t  d e t e c t e d  as a f u n c t i o n  o f  s t r a i n ,  where the 
h i g h e r  cu re  la m in a te s  show a much lower i n t e n s i t y  o f  d e t e c t e d  l i g h t  compared 
to  the la m ina te  with  a lo w e r  cu re  (0.5% BDMA) m a t r ix ,  a t  a g iv e n  s t r a i n .  
This  i n d i c a t e s  a s m a l l e r  amount o f  damage. The photometr ic  t r a c e s  ar e  
d i s c u s s e d  in more d e t a i l  in s e c t i o n  5 . 3 .  In the high cu re  la m in a te s  the  
s m a l l e r  s i z e  o f  c r a c k s  r e s u l t s  in  t h e  lamina te  showing on ly  reddeni ng b e f o r e  
t r a n s v e r s e  p ly  f a i l u r e  and no w h i t e n i n g  w h il e  in the la m in a te s  w i th  a m a t r ix  
wi th  a lower de gree  o f  cu re  o n l y  w h i t e n i n g  was ob served and no r e d d e n i n g .  I t  
i s  p o s t u l a t e d  t h a t  the c o l o u r  e f f e c t s  r e s u l t  from s c a t t e r i n g  phenomena a k in  
t o  R a y le ig h  and Mie s c a t t e r i n g  from small p a r t i c l e s .  Thus, the  reddening  
o c cu r s  when the c r a c k s  in the r e s i n  ar e  small r e l a t i v e  to  the w a ve le n g th  o f  
l i g h t  w h i l e  the  w h i t e n i n g  i s  t h e  r e s u l t  o f  o r d i n a r y  d i f f u s e  r e f l e c t i o n s  and 
o c c u r s  when the gaps a r e  l a r g e  r e l a t i v e  to the wave leng th  o f  l i g h t .  Thi s  
s c a t t e r i n g  phenomenon i s  d i s c u s s e d  f u r t h e r  in  s e c t i o n  5 . 2 . 1 .
The s m a l l e r  s i z e  o f  c r a c k s  in the  h i g h e r  cu re lam in ate s  may be a r e s u l t  o f  
the  s m a l l e r  amount o f  s t o r e d  e l a s t i c  ene rgy a t  f a i l u r e  s i n c e  i t  i s  known t h a t  
the e l a s t i c  moduli o f  the r e s i n s  d e c r e a s e  with  i n c r e a s i n g  c u r e .  As a r e s u l t  
t h e  energy a v a i l a b l e  f o r  c r a c k  growth i s  s m a l l e r .  G l e d h i l l  e t  al [ 1 7 ]  have 
found t h a t  f o r  a v a r i e t y  o f  epoxy r e s i n s ,  i f  the y i e l d  s t r e s s  was high then 
the  cr a ck  pro pagati on  was c o n t in u o u s  w h i l e  i f  the  y i e l d  s t r e s s  was lowered
then p ropa gation  became s t i c k - s l i p  in nature  caused by b l u n t i n g  o f  the c r a c k ,  
which may e x p l a i n  the  s m a l l e r  s i z e  o f  m i c r o - c r a c k .  The c r a c k s  in  the  h i g h e r  
cu re  r e s i n s ,  which have a lo w e r  y i e l d  s t r e s s ,  are  h a l t e d  or  b lu nt ed more 
e a s i l y  and hence, would be s m a l l e r .
The beh avi ou r  may a l s o  be r e l a t e d  to  the ' i n h e r e n t '  o r  natural  f la w  s i z e  o f
the  m atr ix  m a t e r i a l .  The s i z e  o f  the  i n h e r e n t  f la w  can be determined from
the f r a c t u r e  s t r e n g t h  o f  an unnotched specimen, i t s  modulus and i t s  f r a c t u r e
s u r f a c e  e n e r g y .  The natu ral  f l a w  s i z e  f o r  p o l y s t y r e n e ,  f o r  example,  has been 
c a l c u l a t e d  to be about  1 mm w h i l e  t h a t  f o r  poly(methyl  m e t h a c r y la t e )  i s  abou t  
0.07 mm. Flaws o f  t h i s  s i z e  do no t  e x i s t  in  the  m a te r ia l  but  can deve lop  
during de form a t io n .  In the c a s e  o f  p o l y s t y r e n e  deformed in t e n s i o n  l a r g e  
c r a z e s  o f  the orde r  o f  1 mm a r e  seen w h i l e  f o r  p o ly ( m e t h y lm e t h a c r y la t e )  the  
c r a z e s  observed a re  much s m a l l e r  [ B 5 ] .  In the absence o f  a l a r g e r  a r t i f i c i a l  
f l a w ,  the  breakdown o f  one o f  t h e  c r a z e s  le a d s  e v e n t u a l l y  t o  f a i l u r e  o f  the  
specimen.  The i n h e r e n t  f la w  s i z e  argument may be a p p l i c a b l e  to  the epoxy 
r e s i n  la m in a te s  a l t ho ug h t h e r e  i s  no f ir m  ev ide nce  o f  c r a z i n g  in  epoxy r e s i n s  
and on ly  l o c a l i s e d  m i c r o - c r a c k i n g  has been observed i n s t e a d .  I f  t h i s  
argument i s  c o r r e c t  then t h e  s m a l l e r  s i z e  o f  the  m i c r o - c r a c k s  in  the  high
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cu re la min ates  s u g g e s t s  ( a c c o r d i n g  to  the G r i f f i t h  e q u a t io n )  t h a t  the 
f r a c t u r e  s u r f a c e  energy i s  reduced wi th i n c r e a s i n g  a c c e l e r a t o r  l e v e l .  The 
measurement o f  f r a c t u r e  s u r f a c e s  e n e r g i e s  and i t s  r e l a t i o n  to  m i c r o - c r a c k i n g  
and t r a n s v e r s e  p l y  c r a c k i n g  i s  recommended f o r  f u r t h e r  v/ork.
5 . 3 .  Q u a n t ita t iv e  Measurement o f  Microdamage u s in g  O f f - a x i s  LASER 
D i f f r a c t i o n .
The primary o b j e c t i v e  o f  t h e s e  t e s t s  was to  o b ta i n  a r e l i a b l e  and 
r e p r o d u c i b l e  measure o f  the  de g ree  o f  low s t r a i n  damage in ( 0 , 9 0 ) s c r o s s - p l y  
la min ate s  so t h a t  comparisons between the  behaviour o f  d i f f e r e n t  la m i n a t e s  
co uld  be made. M icr osc op ic  examinati on o f  the la m inates  has shown a range o f  
cr ack  s i z e s ,  sp ac in gs and d i s t r i b u t i o n s  and s u g g e s t s  t h a t  any d i f f r a c t i o n  
p a t te r n  ob tai ned from dynamic t e s t i n g  i s  l i k e l y  to be e x tr e m e l y  complex.  A 
complete  d e s c r i p t i o n  o f  the  number and s i z e  o f  c r a c k s  was no t  a tt e m p te d .  The 
t e s t s  were c a r r i e d  ou t  to d i f f e r e n t i a t e  between l a m i n a t e s .  The m a j o r i t y  o f  
measurements were made with the  p h o t o d e t e c t o r  a t  a f i x e d  a n g l e  and d i s t a n c e  
from the specimen.
5 . 3 . 1 .  D i f f r a c t io n  p a t te r n s .
D i f f r a c t i o n  e f f e c t s  oc cur when p a r t  o f  a wave f r o n t  i s  removed by an o b s t a c l e  
in an o t h e r w ise  i n f i n i t e  w a v e f r o n t  or  when a l l  but  a small p a r t  o f  a 
wa ve fron t  i s  removed by an a p e r t u r e .  The e f f e c t s  o f  d i f f r a c t i o n  become more 
obvious  when the dimensions o f  the  opening or  o b s t a c l e  approach the 
wavelength o f ’ the r a d i a t i o n .  Thus, most d i f f r a c t i o n  e f f e c t s  ar e  b e s t  
observed with d i f f r a c t i n g  so u r ce s  o f  the  o r d e r  o f  the  w ave length  o f  the 
r a d i a t i o n .  Each point  on a l a r g e r  source produces i t s  own d i f f r a c t i o n  p a t t e r n  
and when t hese  p a t t e r n s  o v e r l a p  o n ly  gener al  i l l u m i n a t i o n  can be seen.
D i f f r a c t i o n  problems are  regarded as some o f  the most d i f f i c u l t  in o p t i c a l  
p h y s ic s  and t h e r e  are  v e r y  few examples o f  r i g o r o u s  s o l u t i o n s  in d i f f r a c t i o n  
theory  [B8] .  Those t h a t  e x i s t  are  mainly  2 dimensional  s o l u t i o n s  and 
appproximate methods have to  be used in most c a se s  f o r  the  sake o f  
mathematical  s i m p l i c i t y .  Of t h e s e  the th e or y  Huygens and Fresne l  a r e  the 
most powerful and are  c o n s i d e r e d  adequat e  f o r  t h e  s o lu t io n ,  o f  most problems 
i n v o l v i n g  d i f f r a c t i o n .  Acco rding  to  Huygens c o n s t r u c t i o n  e v e r y  p o i n t  on a 
w a ve front  may be co n s i d e r e d  as a so urce  o f  secondary waves which g i v e  r i s e
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to  s p h e r i c a l  w a v e f r o n t s .  The w a v e f r o n t  a t  any l a t e r  s t a g e  i s  regarded  as the 
env e lop e  o f  t h e s e  w a v e l e t s .  F resnel  added t h e  p o s t u l a t e  t h a t  the  secondary 
w a v e l e t s  m utu al ly  i n t e r f e r e  to acco un t  f o r  d i f f r a c t i o n  e f f e c t s .  The 
combination o f  th e s e  two i d e a s  l e a d s  to  the  Huygens-Fresnal p r i n c i p l e .  
K i r c h h o f f  showed t h a t  the p r i n c i p l e  may be regarded m a t h e m a t ic a l ly  as an 
approximate form o f  a c e r t a i n  i n t e g r a l  theorem. The same b a s i c  co n ce p ts  are  
embodied but the laws gov ern in g the c o n t r i b u t i o n s  from d i f f e r e n t  e leme nts  o f  
the  s u r f a c e  ar e  more c o m p l i c a te d .
D i f f r a c t i o n  p a t t e r n s  ar e  g e n e r a l l y  c l a s s i f i e d  i n t o  e i t h e r  Frau nh ofer  or  
F resnel  p a t t e r n s .  Fraunhofer  p a t t e r n s  ar e  formed when, in  t h e  absence o f  
l e n s e s ,  the source and r e c e i v i n g  s c r e e n  a r e  i n f i n i t e l y  d i s t a n t  from the 
d i f f r a c t i n g  s c r e e n .  This  i s  m a t h e m a t ic a l ly  t h e  s im p le r  ca s e  and f o r t u n a t e l y  
r e p r e s e n t s  the most common enco untered in p r a c t i c e .  Fresnel  p a t t e r n s  oc cur  
when the so urce and sc r e e n  are  a t  f i n i t e  d i s t a n c e s  from the d i f f r a c t i n g  
sc r e e n  r e l a t i v e  to the wave leng th  o f  l i g h t .  According  to  Born and Wolf [B8] 
Fraunhofe r  d i f f r a c t i o n  oc curs  when t h e  f o l l o w i n g  c o n d i t i o n s  are  met;
| r ' | >> (x" + y")max /X and | s ‘ | >> (x" + y")max /X ( 5 . 1 3 )
where r '  i s  the d i s t a n c e  from the source to  the d i f f r a c t i n g  a p e r t u r e  and s '  
i s  the d i s t a n c e  from the  a p e r t u r e  to  t h e  s c r e e n ,  x" and y "  ar e  c o - o r d i n a t e s  
o f  a p o in t  in the a p e r t u r e ,  and X i s  the w a v e le n g t h .
The c o n d i t i o n s  employed f o r  o b t a i n i n g  the d i f f r a c t i o n  p a t t e r n s  in t h i s  s t u d y ,  
see  F ig u re  3 . 1 9 ,  were those  l i k e l y  to  l e a d  to  Fraunhofer  d i f f r a c t i o n .
The d i f f r a c t i o n  p a t te r n  from an i n f i n i t e l y  long v e r t i c a l  s l i t  i s  r o t a t e d  by 
90° r e l a t i v e  to  the  o r i e n t a t i o n  o f  the  s l i t  with t h e  LASER beam and c o n s i s t s
o f  s e r i e s  o f  f r i n g e s .  I f  the s l i t  i s  h o r i z o n t a l  the d i f f r a c t i o n  p a t t e r n  i s
v e r t i c a l  s i n c e  i t  i s  the width o f  t h e  s l i t  t h a t  i s  the  important  dimension. 
I f  the s l i t  i s  r o t a t e d ,  the d i f f r a c t i o n  p a t t e r n  i s  r o t a t e d  by the same 
amount. A d i f f r a c t i o n  p a t t e r n  e x te n d in g  in both t h e  h o r i z o n t a l  and v e r t i c a l  
d i r e c t i o n s  i s  a r e s u l t  o f  the h e i g h t  and width o f  a s l i t  be ing o f  comparable 
s i z e .  In f a c t ,  the s i z e  o f  the d i f f r a c t i n g  o b j e c t  i s  i n v e r s e l y  r e l a t e d  to  
the spread o f  the d i f f r a c t i o n  p a t t e r n .  For a wide s l i t  the d i f f r a c t i o n
f r i n g e s  are  c l o s e r  t o g e t h e r .  I t  i s  important  t o  no te  t h a t  a c c o r d in g  to
d i f f r a c t i o n  theor y  the a p e r t u r e  may be r e p l a c e d  by a complementary o b s t a c l e  
with the same r e s u l t s .  This  i s  known as Babine ts  p r i n c i p l e  [B8] ,  Watkins 
[90] has shown t h a t  where the o b s t a c l e  i s  t r a n s p a r e n t ,  such as a g l a s s  f i b r e ,
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th e  r e s u l t i n g  p a t t e r n  can be c o n s i d e r e d  as a composite  o f  a d i f f r a c t i o n  
p a t t e r n  and an i n t e r f e r e n c e  p a t t e r n .  The i n t e r f e r e n c e  p a t t e r n  i s  produced by 
the  i n t e r a c t i o n  o f  the  r a ys  r e f r a c t e d  through the  f i b r e  and t h a t  r e f l e c t e d  
o f f  i t s  s u r f a c e .  Here, the term i n t e r f e r e n c e  i s  used to  d e s c r i b e  the  e f f e c t  
when two or  more beams o f  l i g h t ,  s e p a r a t e l y  d e r iv e d  from t h e  same s o u r c e ,  are  
bro ught  t o g e t h e r  to produce f r i n g e s  w h i l e  d i f f r a c t i o n  i s  used when the e f f e c t  
i s  a r e s u l t  o f  i n t e r f e r e n c e  o f  l i g h t  d e r i v e d  from a cont inuou s p o r t i o n  o f  a 
w a v e f r o n t .
The p a t t e r n  produced by a s i n g l e  g l a s s  f i b r e ,  hel d v e r t i c a l l y  and i l l u m i n a t e d  
by a LASER beam p e r p e n d i c u l a r  t o  t h e  f i b r e  a x i s  shows a s e r i e s  o f  h o r i z o n t a l  
f r i n g e s .  The number and s e p a r a t i o n  o f  t h e s e  f r i n g e s ,  o v e r  a s p e c i f i e d  range 
o f  a n g l e s ,  can be used t o  determine t h e  diameter  o f  the  f i b r e  [ 9 0 , 9 1 ] .  
Watkins [90] has measured t h e  p a t t e r n  e x p e r i m e n t a l ly  and shown t h a t  the 
r e s u l t  can be p r e d i c t e d ,  u s in g  a s i m p l i f i e d  geomet ric  r a y - t r a c i n g  t e c h n iq u e  
in c o n ju n c t i o n  w i th  wave t h e o r y ,  o v e r  an ang ular  range o f  5 - 90 d e g r e e s .  In 
t h i s  range the  p a t t e r n  i s  a r e s u l t  o f  the  i n t e r f e r e n c e  between the  ra ys  
r e f r a c t e d  through the f i b r e  and the  ra ys  r e f l e c t e d  o f f  the s u r f a c e  o f  the 
f i b r e  and depends on the  s i z e  o f  t h e  f i b r e ,  i t s  r e f r a c t i v e  index and the  
wa veleng th  o f  l i g h t  used.  Below an a ng le  o f  about  5° the p a t t e r n  c o u ld  not 
be e a s i l y  r e s o l v e d  s i n c e  i t  was m o d i f i e d  by d i f f r a c t e d  l i g h t  not  i n t e r c e p t e d  
by the f i b r e .  The d i f f r a c t e d  l i g h t  i s  dependent only  on the o u t s i d e  d ia m e te r  
o f  the  f i b r e .  I t  i s  worth n o t i n g  t h a t  the  f i b r e  diameters  i n v e s t i g a t e d  by
Watkins were in the range o f  50 t o  150 microns and t h a t  f o r  s m a l l e r  d ia mete r
f i b r e s ,  such as the ones used in t h i s  s t u d y ,  the d i f f r a c t e d  l i g h t  p a t t e r n  i s  
l i k e l y  to extend to  a n g le s  much l a r g e r  than 5 ° .
A bundle o f  g l a s s  f i b r e s ,  h e ld  v e r t i c a l l y ,  produces a b r i g h t  h o r i z o n t a l  band 
as shown in F ig u re  5 . 9 ( a ) .  Some f i b r e s  which were not e x a c t l y  v e r t i c a l  show 
the i n d i v i d u a l  f i b r e  p a t t e r n s  r o t a t e d  a t  a small ang le  to the main beam. The 
p a t t e r n  produced by an a r r a y  o f  f i b r e s  depends on the r e g u l a r i t y  o f  the
a r r a y .  I f  the a r r a y  i s  r e g u l a r  then the p a t t e r n  obta in ed depends on the
sp ac in g  between f i b r e s  and i n c r e a s i n g  the  sp acing  between f i b r e s  by a f a c t o r
o f  * n ' d e c r e a se s  the sp ac in g  o f  the f r i n g e s  in the p a t te r n  by a f a c t o r  o f  ' n '
[ B 9 ] .  The m a j o r i t y  o f  t h e  f r i n g e s  found in the  p a t t e r n  o f  t h e  s i n g l e  f i b r e  
cannot be observed s i n c e  t h e r e  i s  both a d i s t r i b u t i o n  o f  sp ac in gs and s i z e s  
and the  r e s u l t i n g  f r i n g e  p a t t e r n s  o v e r l a p  each o t h e r .  This i s  f u r t h e r  
co m p li ca te d  by the f a c t  t h a t  the  bundle has f i n i t e  t h i c k n e s s .  Hence, a v e r y  
d i f f u s e  p a t t e r n  i s  e x p e c t e d .  S i m i l a r  arguments apply  to  the  c a s e  where f i b r e  
bundles a re  embedded in r e s i n  to  form a u n i d i r e c t i o n a l  coupon. A p a t t e r n
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s i m i l a r  to  t h a t  produced by t h e  i n d i v i d u a l  bundles i s  o b s e r v e d .  The p a t t e r n  
produced by a 0° u n i d i r e c t i o n a l  coupon w i th  the LASER a t  90° t o  the coupon i s  
shown in F ig u re  5 . 9 ( b ) .  That  o f  a 90° u n i d i r e c t i o n a l  la m inate  i s  the  same 
but  i s  r o t a t e d  by 90° ( i . e .  the  p a t t e r n  i s  v e r t i c a l ) .
The p a t t e r n  produced by a c r o s s - p l y  la m ina te  i s  a r e s u l t  o f  the i n t e r a c t i o n
o f  the p a t t e r n s  produced by t h e  i n d i v i d u a l  l o n g i t u d i n a l  and t r a n s v e r s e  p l i e s  
and cannot  be obta in ed by s imp ly  o v e r l a y i n g  the i n d i v i d u a l  p a t t e r n s  o b ta i n e d  
from each p l y .  The p a t t e r n  o b t a i n e d  during  t h e  l o a d i n g  o f  such c r o s s - p l y  
laminates  w i l l  be a f f e c t e d  by changes in the arrangement o f  the f i b r e s  and 
the  development o f  any d e f e c t s  o f  t h e  a p p r o p r i a t e  dimensions ca p ab le  o f
d i f f r a c t i n g  l i g h t .  The p r e v i o u s  expe riments  have shown the formatio n and
growth o f  small c r a c k s  in  the  t r a n s v e r s e  p ly  a t  s t r a i n s  o f  about  0.2%. Such
cr a c k s  were observed to  have dimensions in the range 1 t o  10  microns and so 
in  p r i n c i p l e  must be c a p a b l e  o f  d i f f r a c t i n g  l i g h t .  At  such low a p p l i e d  
s t r a i n s ,  any changes in the  sp a c in g  and arrrangement o f  f i b r e s  in  the 
i n d i v i d u a l  p l i e s  are  e x p e c t e d  to  be small and u n l i k e l y  t o  produce any 
s i g n i f i c a n t  changes in the ob se rved p a t t e r n .
A ( 0 , 9 0 ) s c r o s s - p l y  coupon wi th  a r e l a t i v e l y  t h i c k  in ner  90° p l y  (2d = 2 mm, 
b = 0.65 mm) shows a v e r y  d i f f u s e ,  a lm ost  c i r c u l a r  shaped p a t t e r n  p r o j e c t i n g  
a small d i s t a n c e  around the  c e n t r a l  s p o t ,  F igure  5 . 9 ( c ) ,  LASER o r i e n t e d  a t  
90° to  the specimen. A la m in a t e  wi th a t h i n n e r  in n e r  p l y  (2d = 1 mm, b = 0 .7
mm) shows t h a t  the p a t t e r n  has a more a n g ula r  shape,  F ig u re  5 . 9 ( d ) .  The
d i f f r a c t i o n  p a t t e r n  from a c r o s s - p l y  la m i n a t e ,  wi th 2d = 0 .5  mm, b = 0.8 mm),
obtained p r i o r  t o  l o a d i n g ,  i s  shown in F ig u re  5 . 9 ( e )  w i t h  the LASER beam
s t i l l  a t  90° t o  the specimen.  The p a t t e r n  shows the r e l a t i v e l y  dominant 
e f f e c t  o f  the 0° f i b r e s  in the  h o r i z o n t a l  d i r e c t i o n  s i n c e  the p r o p o r t i o n  o f  
th e s e  i s  l a r g e r .  C l o s e r  examina tion r e v e a l s  a s e t  o f  f r i n g e s  spread  in  the  
v e r t i c a l  d i r e c t i o n .  F i g u r e  5 . 9 ( f )  shows the p a t t e r n  w i th  the LASER a t  45° 
to  the specimen (s e e  F ig u r e  3 . 1 9 ( b ) ) .  The c e n t r a l  p o r t i o n  o f  the  p a t t e r n  i s  
bent i n t o  an a r c .  Here, the f r i n g e s  ar e  observed more c l e a r l y  co n f ir m in g  
t h a t  the f r i n g e s  are  p r e s e n t  a t  z e r o  l o a d .
On l o a d i n g ,  the development o f  micro-damage in the 90° p l y  o f  a c r o s s - p l y  
lam in ate  w i l l  r e s u l t  in changes i n  t h e  d i f f r a c t i o n  p a t t e r n .  The d i f f r a c t i o n  
p a t te r n  shows l i t t l e  change u n t i l  a s t r a i n  o f  0 . 2% i s  reached a t  which p o in t  
m i c r o - c r a c k s  begin to  d e v e l o p .  Above t h i s  s t r a i n ,  a v e r t i c a l  band i s  
observed which appears  to i n c r e a s e  in le n g t h  and i n t e n s i t y .  F ig u re  5 . 9 ( g )  
shows the d i f f r a c t i o n  p a t t e r n  produced by a la min ate  with b = 0 . 8  mm and 2d =
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0.5 mm, at  a strain of about 0.5%. The LASER was oriented at 90° to the 
specimen. A broad vert ical  band of l i g h t ,  symmetric around the centre i s  
observed and confirms e a r l i er  observations that the micro-cracks l i e  paral le l  
to the fibre axis in the 90° ply,  giving r ise  to the d if fract ion  in the 
vert ical direct ion. The width or opening of these cracks governs the spread 
of the dif fract ion pattern. Superimposed on the vert ica l band are the
fringes  observed ear l i er  at zero load. Their mean spacing did not change 
s ig n i f i c a n t ly  under load and was about 0.5 mm with the LASER at 90° to the 
specimen and about 0.8 mm with the LASER at 45° to the specimen.
With the LASER beam oriented at 45° to the specimen, the d if fract ion  pattern
shown in Figure 5.9(h) i s  observed at a strain of  0.5%. With th is
orientation the pattern appears to be asymmetric, with a fore-shortening at  
one end and lengthening at the other. These are the e f f e c t s  of the rotat ion
of the LASER with respect to the specimen in the vert ical plane. The
apparently longer length of the vert ical band compared to the pattern
obtained with the LASER at 90° to the specimen may be understood to be the 
resu l t  of a decrease in the apparent spacing between the d i f fract ing  objects  
when the LASER i s  rotated by 45°. The decrease in the apparent spacing 
between the d if fract ing  objects or apertures result s  in the pattern being 
more spread out or longer. The dif ference in the spacing of  the fr inges in
the patterns observed ear l i er  at zero load, with the LASER at  90° and a t  45°
can be accounted for by a decrease in the apparent spacing between
dif fract ing  objects as the LASER is  rotated. This suggests that the
d if fract ing  objects are not glass  fibres since their  diameters are expected 
to remain constant and will  not appear to change when the LASER is  rotated.  
It i s  possible for such fringes to be produced by defects  or voids in the 
longitudinal ply.  The atlas  of optical transforms [92] shows a similar  
pattern of horizontal fringes produced by randomly s i ted  longitudinal voids 
in fibres  where the void widths and lengths had a Gaussian d is tr ibu t ion .  
However, the apparent spacing or s ize  of the longitudinal defects i s  not
expected to change with the rotation of the LASER in the vert ical plane. I t
i s  also not l ik e ly  that the fringes are caused by the development of 
micro-cracks in the 90° ply since the fringes were apparent at zero load. .  I t  
i s  important to note that the fringes are only observed c lose  to the central  
image and do not e f f e c t  the pattern at  high angles produced by the 
development of micro-cracks in the 90° ply .  The fringes may be a function of  
the spacing between f ib res .  Further work is  required to establ ish  t h i s .
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Since the angle through which l i g h t  is  dif fracted from a crack increases with 
decreasing crack s i z e ,  much of the dif fract ion information produced by large  
cracks i s  projected into a small region that is  already saturated by the 
forward beam. In contrast,  small cracks are capable of d i f fract ing  over 
large angles.  This implies that simply increasing the number of small cracks 
will  resu lt  in the appearance of l i g h t  at high angles and might be expected 
to produce an apparent lengthening of the observed d if fract ion  pattern.  
However, i t  must be remembered that i f  the small cracks s ta r t  to grow then 
the l i g h t  dif fracted by these wil l  be redistributed over smaller angles and 
wil l  be more intense .  It  may be th is  l i g h t  that also contributes to the 
apparent lengthening of  the beam i f  the intensi ty  at higher angles i s  s t i l l  
below that which can be detected.  The length of the pattern can, therefore ,  
also be increased by the growth of small cracks, into larger cracks. Thus, 
at any arbitrary posit ion within the dif fract ion pattern, i t  i s  not usually  
possible  to dist inguish between an increase in intensi ty  due to crack growth 
and that due to crack formation.
Figure 5 .9 ( i ) shows the d if fract ion  pattern of the specimen on unloading.  
Comparison of Figure 5.9(1) with 5 .9 (e )  shows the e f f e c t  of residual damage 
present in the laminate at zero load. The length and in tensi ty  of the 
vert ical band is  reduced as small cracks c lose  up. Some large cracks s t i l l  
remain open due to the presence of the ten s i le  thermal s tress  in the 90° ply 
as was shown in section 5 .2 .  Hence, some "residual" dif fracted l i g h t  i s  
s t i l l  observed at angles nearer to the central spot.
The length of the pattern i s  related to the s ize  dis tr ibution of the openings 
since the smaller the openings the more spread out the pattern will  be. For 
a random dis tr ibution of equi-sized s l i t s  or partic les  the in t e n s i t i e s  from 
each are additive [B8]. This implies that the length and in tensi ty  of the 
vert ical d i f fract ion  band i s  related to the s ize  and number of cracks. In a 
system where the d i f fract ing  objects are of varying s i z e s ,  each group of  
objects  of the same s ize  produces a pattern of i t s  own. These patterns  
overlap and the resu l t  i s  a d i f fuse  blur.  The breadth of the vert ical  
dif fract ion  band shown in Figure 5 .9(g) i s  the result  of some mis-orientation  
of the cracks, i . e .  the cracks are not always exactly at 90° to the loading 
ax is .  Also, the cracks in the 90° ply are distributed through the thickness  
and so some volume e f f e c t  in the d if fract ion  band i s  to be expected. The 
absence of a d if fract ion  e f f e c t  in the horizontal direct ion similar to that  
found in the vert ical direct ion i s  probably a resu l t  of the length of the 
crack parallel  to the fibres  being much larger than the opening of the crack,
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i . e .  the cracks approximate to i n f i n i t e l y  long s l i t s .  This i s  borne out by 
the observations discussed in sect ion  5 .2 .
Although the d if fract ion  patterns are complex and must contain a l o t  of 
information, they generally confirmed the observations of micro-damage made 
in section 5 .2 .  For example, the 0.5% BDMA cross-ply  laminate with an inner 
ply thickness of 0.5 mm showed a long, intense vert ical band of l i g h t ,  
confirming a high degree of damage, while the cross-ply laminate with an 
inner ply thickness o f  2 mm at  similar s tra ins  produced a much shorter and 
l e s s  intense region of l i g h t  c lo ser  to the central spot.  This i s  shown in 
Figure 5 .9 ( j )  and should be compared with Figure 5 .9 (g ) .  I t  was shown in 
section 5.2 that the cross-ply  laminate with an inner ply thickness of 2 mm 
contained substantially  l e s s  damage which was mainly concentrated at the 0/90 
ply in terfaces .  Hence, to a f i r s t  approximation and applying the result  that  
the in tensi ty  at any point in the d if fract ion  pattern produced by an 
irregular array of apertures i s  1N1 times the in tensi ty  produced by a s ingle  
aperture at that point [B8], i t  may be assumed that the amount of damage in a 
laminate per millimetre of inner ply thickness i s  proportional to the 
in tensity  at any point on the d i f fract ion  pattern produced by that laminate.  
The intensity  of dif fracted l i g h t  at a fixed angle was, therefore,  monitored 
with the LASER also at a fixed angle.  The level of damage in d i f ferent  
laminates could then be compared by comparing the in t en s i t i e s  at a given 
angle.
It  was noticed that the projected patterns appeared grainy or speckled. This 
may be attributed to what i s  known as the 'speckle 1 e f f e c t  and is  the resu lt  
of the LASER l ig h t  being re f lec ted  from a d if fuse  surface which produces 
bright speckles where random fluctuat ions  cause constructive  interference  
[B6] .
Diffraction patterns similar to the ones obtained in th is  study have been 
reported by Cers et al [93] who used a LASER dif fract ion  technique to study 
horizontal craze cracks in polystyrene. In their  work a Ne-He LASER was used 
to obtain normal transmission d i f fract ion  patterns which were projected on a 
screen and recorded photographically. Comparisons of the patterns with 
specimens of crazed and uncrazed specimens revealed that when no crazes were 
present only a c ircular spot was observed. When perfect parallel  crazes 
(horizontal cracks at 90° to the loading axis )  were introduced on the surface  
of the specimen a sharp vert ica l  d if fracted l in e  was observed. Relatively  
diffused scattering in the vert ica l  direct ion or broadening of the vert ical
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l in e  was obtained as the degree of irregularity  of the crazes increased. The 
dif fract ion  pattern also appeared to reg is ter  the volume e f f e c t  regarding the 
dis tr ibution of crazes ( i . e .  crazes on front surface,  internal to the 
specimen and back surfaces ) through broadening of the vert ica l  l i n e .  This 
led Cers e t  al [93] to conclude that the dif fract ion patterns provided 
information concerning the dis tr ibution of crazes within the specimen. 
Unfortunately no work of a quantitative nature i s  reported.
5 -3 .2 .  Quantitative measurement o f  stress-whitening.
Maxwell and Rahm [94] developed a device,  which in principle  was very similar  
to the one used in the present study. This was used to monitor the 
i n i t i a t io n  and rate of crazing in polystyrene during creep. A constant  
amount of l ig h t  was beamed at a specimen at an oblique angle o f  15° (posit ion  
A). When there were no crazes,  the l i g h t  simply travelled in a s tra ight  
l in e .  However, rays fa l l in g  on crazes in the specimen were re f lec ted  to a 
l a te r a l ly  symmetric posit ion on the other side of the specimen (posi t ion B).  
The paralle lism of the cracks was shown by using a point source of l ig h t  at  
position A, and a well crazed specimen. An image of the source was obtained 
at posit ion B. The in ten s i ty  of the l i g h t  at B was taken to be a function of  
the total cracked area (or the number of cracks times the area of the 
individual cracks).  They obtained curves of l igh t  in ten s i ty  as a function of 
creep time. A simple ref lec t ion  argument was used to explain the scattered  
l i g h t .  In the case of e ither  re f lec t ion  or dif fract ion ,  the in ten s i ty  of the 
l i g h t  at a given angle of incidence and d i f f r a c t io n /r e f l e c t io n  i s  
proportional to the amount of damage created.
Figure 3.20 shows a typical trace of the detector output, I, monitored in 
position 1 as a function of s tra in .  The detector output i s  d irect ly  
proportional to the in tensi ty  of l i g h t  fa l l in g  on the s en s i t iv e  area of the
detector.  All the plots  obtained were typif ied by a f l a t  portion over a
short i n i t i a l  strain range during which no l ig h t  was detected. This was then 
followed, usually at about 0.2% stra in ,  by an approximately exponential  
increase in the amount of l i g h t  detected. The rate,  K, of th is  increase was 
determined from a plot of Ln In against applied strain for each group of
laminates. The normalised l i g h t  detected, In, at any given strain  was also
recorded. This gave an indication of the damage intercepting the beam.
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(a) Effect of accelerator level and inner ply thickness.
For the (0 ,90 )s cross-ply  laminates made with resin containing 0.5% BDMA the 
s train  at which micro-cracks f i r s t  developed or the strain  at  which a 
s ig n i f i ca n t  amount of l i g h t  was f i r s t  detected did not appear to be affected  
by the thickness of the inner 90° ply and was found to be about 0.2%. The 
micro-cracking strain for the 90° unidirectional laminate was s l ig h t l y  higher
and was about 0.275%. The level  of residual thermal s tresses  present in the
{0 ,90)s laminates,  therefore,  acts to reduce the micro-cracking s tra in .  The 
rate of development of damage is  highest  for the 90° unidirectional laminate 
while for the cross-ply laminates i t  is  somewhat lower. The amount of l i g h t  
detected at a given s train  provides the most in terest ing  trend in resu l t s  in 
terms of the e f f e c t  of inner ply thickness of cross-ply laminates.  I t  shows 
that the amount of damage i s  the largest  in the laminate with the th innest  
(0.5 mm) inner ply by a factor of 30 compared to the unidirectional laminate 
at  0.3% s tra in ,  and by a factor of seven compared to the cross-ply  laminate 
with an inner ply thickness of 2 .0  mm. The reason for th is  may be attributed  
to the high level of thermal s tresses  in the thin 90° ply in the (0 ,9 0 ) s 
configuration leading to more damage. In cross-ply  laminates with thicker  
inner 90° p l ies  the level  of thermal s tresses  i s  lower. The influence of the 
constraining zone is  smaller and the number of large stable  cracks are also
smaller and confined to the region near the 0/90 ply in terface .  The amount
of damage per mill imetre of ply thickness i s ,  therefore,  l e s s .  The interval  
between the micro-cracking strain and the transverse cracking strain  i s  the 
larges t  for the laminate with the inner 90° ply of 0.5 mm, and so the 
micro-cracks can continue to form and grow until the conditions are r ight for  
transverse cracking to occur. All these factors contribute to the level  of 
damage which i s  the highest in the cross-ply laminate with an inner ply of
0.5 mm. Hence, although the transverse ply cracking strain i s  higher for  
th i s  laminate, the micro-damage in i t  i s  actually more severe a t  a given 
s tra in  than in the laminate with the re la t ive ly  thick inner ply which has a 
lower transverse ply cracking s tra in .
The laminates made with resins containing a higher amount of BDMA (1.5 and 
3.0%) showed very l i t t l e  change in the dif fract ion pattern with increasing  
s tra in .  Any change in the in tensi ty  was barely perceptible and no 
s ig n i f i ca n t  lengthening of the d if fract ion  pattern was observed. The amount 
of l i g h t  detected at  a given strain and with the detector in position 1 i s  
much l e s s  for the higher cure laminates, with the 3.0% BDMA laminates showing 
the l e a s t  amount. Whilst th is  might imply that the cracks in the specimen
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were very large and so the dif fracted in tensi ty  i s  concentrated at lower 
angles near to the forward beam, th i s  was c lear ly  not the case since  
whitening was not observed in these specimens. I t  may, therefore,  be 
concluded that no large cracks were present and that the number and/or s ize  
of small cracks was considerably reduced compared to the laminates made with 
resin containing 0.5% BDMA res in .  The experiments carried out using white 
l i g h t  {section 5 .2 ,  colour photography) showed that specimens from laminates 
with 3.0% BDMA resin exhibited a reddening e f f e c t  prior to transverse 
cracking, although no whitening was observed. Thus, i t  would appear that the 
cracks present in the more highly cured laminates are too small to cause any 
s ign i f ican t  d if fract ion  e f f e c t s  but are big enough to produce a reddening 
e f f e c t  through Mie or Rayleigh sca t ter in g .  The growth of these small cracks 
must then immediately lead to transverse cracking. This i s  in agreement with 
the observations using optical microscopy and in situ microcsopy. In 
interpreting these resu lt s  a l l  the techniques employed throughout the study 
are viewed as complementary, providing information about the micro-damage at 
dif ferent  stages in i t s  development.
Generally, the 3.0% BDMA laminates show lower values of K , the rate of  
increase in detector output^ compared to the laminates made with resin 
containing 0.5% BDMA. The 1.5% BDMA laminates represent a case where both 
reddening and whitening was observed and although the 90° unidirectional  
laminate showed a low value of K, s imilar to that shown by the equivalent  
3.0% BDMA laminate, the 1.5% BDMA cross-ply  laminates showed much higher 
values.  The trend of increasing detector  output with decreasing inner ply 
thickness shown c lear ly  by the 0.5% BDMA laminates i s  not shown by the 1.5% 
and 3.0% BDMA laminates (in fa c t ,  i t  i s  quite the reverse) .  The reasons for  
this  are not fu l ly  understood. Further work on cross-ply  laminates with ply 
thicknesses lower than those investigated may provide more information.
It must be noted that the change in the e l a s t i c  properties,  such as modulus 
and fracture toughness of the res in as well as the increased level of thermal 
residual stresses  in the high cure laminate may have contributed to the 
change in cracking behaviour of the laminates. I t  i s  also possible  that the 
degree of adhesion of the resin to g lass  i s  much better with resin containing  
higher leve ls  of BDMA. There are indications  from the traces of detector  
output as a function of applied strain  that the strain at which 
micro-cracking i s  f i r s t  detected is  higher for the higher cure laminates.  
However, th is  may be because l e s s  l i g h t  is  scattered by these cracks and i s ,  
therefore,  only detected at higher applied s tra in s .
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(b) Laminates with starch f in ish  glass  f ib re s .
Only 90° unidirectional laminates were made with these g lass  fibres  in 0.5% 
BDMA and 1.5% BDMA res in .  No additional l i g h t  was detected with increasing  
strain ,  in e i ther  system, prior to fa i lu re .  The laminates were already 
heavily whitened as shown in Figure 4.23 since the laminates contained 
regions of very poor interfacia l  bonding, shown in Figure 4 .29 .  Only a small 
applied s tres s  was required to propagate fa i lure  from the flaws already 
present in these laminates.
(c) Angular distr ibution of l i g h t .
Experiments on the angular dis tr ibution of dif fracted l i g h t  as a function of 
strain  showed that at any position along the vert ical band of l i g h t  the rate
of increase in the detector output was about the same. The amount of l i g h t
detected varied with angle so that the maximum voltage was recorded c lo ser  to 
the central image and th is  decreased quite rapidly as the angle through which 
l i g h t  was dif fracted was increased. Hence, the strain at  which the l i g h t  was 
f i r s t  detected increased as the angle through which the l i g h t  was dif fracted  
was increased. This resembles a s ingle  s l i t  d i f fract ion  pattern in which the 
in tensity  of l i g h t  furthest away from the central image i s  lowest although,  
of course, no maxima or minima were observed.
(d) The e f f e c t  of cycl ing- 0.5% BDMA laminates only.
Cyclic t e s t s  conducted on both the unidirectional and cross-ply  laminates 
showed some interest ing  aspects of crack closure and re-opening. For
example, the micro-cracks introduced during the f i r s t  loading do not open
immediately on reloading. Thus, no l i g h t  is  detected until a f ter  a s tra in  of
about 0.1% is  reached. This i s  probably due to a degree of fr ic t ional
bonding ass is ted  by local compressive residual s tresses  which may be present.  
Subsequent cycles showed a decrease in th is  e f f e c t .  For a l l  cross-ply  
laminates the increase in detector output during the second loading cycle  i s  
l inear a f ter  the fr ic t ional  forces has been overcome, suggesting that no new
cracks are introduced prior to reaching the previous maximum applied strain
nor do ex is t ing  cracks grow. Linder these conditions the increase in output 
i s  then simply related to the opening up of micro-cracks. Beyond th is  strain  
the increase in output i s  returned to an exponential type behaviour.
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During the unloading cyc le ,  for a cross-ply laminate, i t  was observed that  
the detector output remained constant until the strain on the Specimen was 
reduced by about 0.1 to 0.2% af ter  which there was a l inear  decrease. On 
reaching zero load or zero applied s tra in ,  the output was not reduced to the 
original output detected but a residual voltage was recorded. This e f f e c t  
was the most prominent for the laminate with the thinnest inner 90° ply and 
the l e a s t  for the 90° unidirectional ply.  It  has already been shown that
there i s  residual damage in the specimens. This was observed under the
microscope (section 5 .2 ,  polished edge microscopy) and as stress-whitening  
(section 5 .2 ,  colour photography). The presence of residual damage was also  
shown in the d i f fract ion  pattern. The reason for the presence of these  
'open' cracks at  zero load was suggested as being associated with a residual  
thermal res tra int  s tress  of a t e n s i l e  nature in the 90° ply .  Although there  
i s  local s tres s  r e l i e f  as the cracks form the ply is  s t i l l  under a t e n s i l e  
s tres s  and the largest  cracks are unable to close completely. The restra int  
on micro-cracks must be overcome before cracks can begin to c lo se  up. This 
may account for the f l a t  portion of the output versus applied strain curve at  
the s ta r t  of unloading in a given loading cycle .  Hence, a given decrease in 
strain i s  required before the cracks c lose  up and their  numbers apparently 
decrease.  For the 90° unidirectional laminate, very l i t t l e  decrease in 
strain i s  required to c lose  up cracks since no thermal res tra int  strain i s
present in these laminates due to the absence of 0° p l i e s  and so a f l a t
portion, CD, was not observed.
(e) Effect of heat treatment a f ter  cycl ing .
The e f f e c t  of heat treatment a f ter  three load/unload cycles was to s l ig h t ly  
increase the s train  at which l i g h t  was f i r s t  detected. The increase in 
voltage which was l inear af ter  the third cycle was changed back to an 
exponential type behaviour. The rate of increase in voltage was s l ig h t ly  
lower than that observed during the f i r s t  cycle.  The specimen was, thus,  
returned to i t s  original s ta te  but the cracking behaviour or rate of increase  
in voltage (damage) had been altered somewhat. This e f f e c t  of heat-treatment  
i s  discussed further in the next sec t ion .
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5.4 Reversibility of Stress-whitening - the e ffec t of heat treatment.
On the basis of small changes in the s t r e s s / s t r a in  curves of (0 ,90 )s 
laminates,  Parvizi e t  al [2] suggested that the recovery of modulus with heat 
treatment resulted from re-adhesion between the f ibre  and matrix and referred 
to th is  as "reversible debonding". To support th i s  Parvizi presented a 
series  of scanning electron micrographs (These only allow observation of the 
specimen edge by re f lec t ion )  showing the development of crescent shaped 
debonds at the fibre/matrix in ter face .  However, no evidence was presented to 
show that on heat treatment the bond in these regions was re-establ ished .  As 
a consequence of these i n i t i a l  observations,  experiments were undertaken to 
inves t iga te  the exact nature of the reversib le  e f f e c t  on heat treatment, and 
the mechanism by which i t  occurs.
The e f f e c t  of successive heat treatments on specimens from a cross-ply  
laminate, made with resin containing 0.5% BDMA and with an inner 90° ply 
thickness of 0.5 mm i s  shown in Figures 4.53 to 4 .55 .  The changes observed
in the behaviour of the specimens were quite dramatic. The stress-whitening
e f f e c t  which was observed at  zero load af ter  te s t ing  was made to disappear 
after  a s ingle  annealing treatment o f  30 mins. at 100°C. The micro-cracks 
which had developed in the resin were shown to have healed and many did not 
reappear even after  reaching the s tra in  at which they f i r s t  appeared, Figure 
4 .2 3 (e ) .  This i s  the f i r s t  d irect  microscopic evidence of "reversibil i ty"  
or crack healing. In contrast to cracks in the res in ,  the cracks at the 
f ib re /res in  interface did not disappear a f ter  heat treatment.
The photometric traces showed that ,  before annealing, a s tra ight  l ine  
relationship was obtained between Ln In and applied s tra in .  After annealing 
once, the gradient of the s tra ight  l in e  was retained up to the maximum 
applied strain le v e l .  Further loading produced a l in e  with a gradient which 
had been reduced by a third so that the strain reached during the very f i r s t  
cycle acted as a ‘trans it ion  po in t1. Further annealing treatments showed 
that both gradients, before and a fter  the ' trans it ion  point' continued to 
decrease and the transit ion point i t s e l f  became l e s s  sharp. The amount of 
l i g h t  detected showed a dramatic change. For example, the detector output at
0.4% strain was reduced by a factor of 25 compared to the original output 
af ter  the specimen had been annealed for a total time of  13 hours and 10 
mins. (not a continuous treatment - see  sect ion 3 . 4 . 3 ) .
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Measurements of glass trans it ion  temperatures, Tg, performed a f ter  each 
annealing treatment, showed a gradual increase from an original value of 
107°C to 131°C. This must mean that the resin continued to cure during the 
annealing treatments, increasing i t s  cross-l ink density leading to the higher 
glass  transit ion temperatures. Thus, i t  i s  possible for the micro-cracks to 
heal i f  by increasing the temperature of the resin the two crack faces could 
be brought into contact allowing e i ther  the inter-penetration of act ive  
mobile species or simply the formation of new bonds across the crack faces .  
The increase in glass transit ion temperature is  ind icat ive  of increased cure. 
I t  has been shown that increasing the level of cure o f  the resin a l te r s  i t s  
modulus and y ie ld  point.  It  was also shown that the amount of l i g h t  detected  
from higher cure laminates (containing 1.5% and 3.0% BDMA resin)  during 
te s t ing  was much lower than that detected for the lower cure laminates.  The 
decrease in the detector output a f ter  annealing is  related to the increased  
level  of  cure in the same manner as that achieved by increasing the cure by 
addition of more accelerator and i s  not a function of the reversible  nature 
of the interface bond. The cracks that showed 'healing' must have been 
composed mostly of res in.
The photometric traces in conjunction with microscopy and the observed colour 
changes suggest that the mechanism of reversib le  stress-whitening i s  
consistent  with the formation and healing of micro-cracks in the resin and 
not at the f ibre /res in  interface .
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Temperature  —►
Figure 5 .1 .  Schematic plots  of s p ec i f ic  volume versus temperature for a 
p art ia l ly  cured and a fu l ly  cured res in .  Tg i s  the glass  transit ion  
temperature of the p ar t ia l ly  cured res in ,  Tg« i s  the glass  transit ion  
temperature of the fu l ly  cured res in ,  RT i s  room temperature and Tcure i s  
the cure temperature. From [82] .
Strain (% )
Figure 5 .2 .  The change in secant modulus of a 0.5% BDMA resin with increasing  
stra in .
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Figure 5 .3 .  Stress /s tra in  diagrams of a 0° unidirectional laminate (trace 1) 
and a 90° unidirectional laminate (trace 2) containing a 0.5% BDMA matrix 
showing deviations from l in ea r i ty .
Figure 5 .4 .  Schematic diagram showing micro-crack of length, 2a, and width, 
w, and the cylindrical volume of unloaded material representing the energy 
l o s t  by the formation of the crack.
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Figure 5 .5 .  Load as a function of applied strain for a 90° unidirectional  
laminate with a 0.5% BDMA matrix. The laminate was cycled seven times in 
succession. During the f i f t h  cycle the specimen was held at  load for 45 mins. 
The sixth cycle  was performed immediately after  unloading. The seventh cyc le  
was performed a fter  15 mins. at zero load.
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2d (mm)
Figure 5.6 (a ) .  The f i r s t  transverse ply cracking strain as a function of 
inner ply thickness,  2d, of ( 0 ,9 0 ) s laminates with 0.5% BDMA matrix (o) ,  
with 1,5% BDMA matrix (o ) ,  and with 3.0% BDMA matrix (A), before compensating 
for thermal s tra ins .
0 0 .5  1.0 1 .5  2.0
2 d (mm)
Figure 5.6 (b) .  The f i r s t  transverse ply cracking strain as a function of 
inner ply thickness,  2d, of (Q,90)s laminates with 0.5% BDMA matrix (o),  
with 1.5% BDMA matrix (a ) ,  and with 3.0% BDMA matrix (A), after  compensating 
for thermal strains .
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T r a n s v e r s e  ply t h i c k n e s s , 2 d  (mm)
Figure 5.6 ( c ) .  The f i r s t  transverse ply cracking strain as a function of 
inner ply thickness,  2d, of ( 0 ,9 0 ) s laminates with 0.5% BDMA matrix,  after  
compensating for thermal strains  ( A) .  The results  are compared with the 
experimental result s  of [70] shown by c irc le s  (o) and the predictions of the 
constraint theory [85] ( — ) and those of Ogin and Smith [73] ( —  — •). 
Dashed l i n e s ,  1, and 2, represent fracture strains of 90° unidirectional  
laminates obtained by [70] and in th is  study, respect ive ly .
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L. b-J—la-4— b +
Figure 5.7 (a) .  Schematic diagrams showing the constraint zones !c ‘ in the 
90° ply of a (0 ,9 0 )s laminate with respect to the ply thickness,  2d and b. 
When 2d > 2c, an unconstrained zone is  s t i l l  present, (b) shows the inner ply
thickness at which constraint becomes e f f e c t iv e  when 2d = 2c. and (c) shows
the increasing constraint when 2d < 2c. Note: the constraint  pro f i le  has not 
been determined but has been chosen arb i trar i ly .
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(a)
(b)
Figure 5 .8 .  The ref lec t ion  and d if fract ion  of l ig h t  by small objects  
comparable in s ize  with the wavelength of l ig h t  (a) object small compared to 
the wavelength of l i g h t  and (b) object  greater than the wavelength of l i g h t .  
After [B6].
- 248 -
Ci'mi v'n C • • ^ 5.9 (a) .  Diffraction pattern produced by a bundle of glass fibres field
v e r t ica l ly  with the LASER at  90° to the fibres .
Figure 5.9 (b).  Diffraction pattern produced by a 0° unidirectional laminate 
with the LASER at  90° to the coupon.
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Figure 5.9 ( c ) .  Diffraction pattern produced by a (0 ,9 0 )s laminate with an 
inner 90° ply thickness,  2d, of 2 .0  mm and cuter 0° ply thickness,  b, of 0.55 
mm, with the LASER at 90° to the coupon.
♦
Figure 5.9 (d).  Diffraction pattern produced by a (0 ,90 )s laminate with an 
inner 90° ply thickness,  2d, of 1.0 mm and outer 0° ply thickness,  b, of 0.70 
mm, with the LASER at 90° to the coupon.
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Figure 5.9 ( e ) .  Diffraction pattern produced by a (0 ,90 )s laminate with an 
inner 90° ply thickness.  2d. of 0.5  mm and outer 0° ply thickness,  b. of 0.80 
mm, with the LASER at 90° to the coupon.
Figure 5.9 ( f ) .  Diffraction pattern produced by a (0 ,90 )s laminate with an
inner 90° ply thickness,  2d, of 0 .5  mm and outer 0° ply thickness,  b, of 0.80
mm, with the LASER at 45° to the coupon.
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Figure 5.9 (g ) .  Diffraction pattern produced by a (0 ,90 )s laminate with an 
inner 90° ply thickness,  2d, of 0 .5  mm and outer 0° ply thickness,  b, of 0.80  
mms at applied strain of 0.5%. The LASER was oriented at 90° tc the
Figure 5.9 (h).  Diffraction pattern produced by a (0 ,90 )s laminate with an 
inner 90° ply thickness,  2d, of 0.5  mm and outer 0° ply thickness,  b, of 0.80 
mm, at an applied strain of 0.5%. The LASER was oriented at 45° to the 
coupon.
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TFigure 5.9 ( i ) .  Diffraction pattern produced by a ( 0 ,9 0 ) s laminate with an 
inner 90° ply thickness,  2d, of 0.5 mm and outer 0° ply thickness,  b, of  
0.80 mm. at zero load af ter  straining to 0.5%. The LASER was oriented at 90° 
to the coupon.
Figure 5.9 ( j ) .  Diffraction pattern produced by a (0 ,9 0 )s laminate with an 
inner 90° ply thickness,  2d, of  2 .0  mm and outer 0° ply thickness,  b, of 0.65 
mm, at 0.5% s tra in .  The LASER was oriented at 90° to the coupon.
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C H A P T E R  6
CONCLUSIONS
1. Increasing the "degree of cure" of the Epikote 828 res in ,  as measured by 
the glass  transit ion temperature, produces a decrease in the modulus and 
y ie ld  strength of the res in .  The degree of cure of the resin increases with 
both increasing level  of acce lerator and continued heat treatment. The
moduli of glass  fibre  reinforced laminates made with th is  resin were in 
accordance with predictions based on the measured properties of the res in .  
Changes in laminate modulus with heat treatment were also  consis tent with the 
changes in modulus of the res in .
2.  There i s  a small reduction in modulus with increasing applied strain  in 
90° unidirectional laminates made with resin containing 0.5% BDMA 
accelerator.  A similar reduction in modulus is  observed for cross-ply
laminates with a r e la t iv e ly  thick 90° ply and an equivalent degree of cure.  
The change in modulus i s  gradual and in contrast to the results  of Parvizi e t  
al [2] no abrupt 'knee' was observed in the s t r e s s / s t r a in  curve. No
s ign i f i can t  reduction in modulus could be detected for the laminates made 
with resin containing higher l e v e l s  of BDMA. Thus, the observed reduction in 
laminate modulus, as a function of increasing applied stra in ,  may be 
attributed to the v i s c o - e l a s t i c  behaviour of the resin which i s  most
s ign i f i can t  in the 0.5% BDMA res in .
3.  Stress-whitening and the preceding colour changes result  from the
development of micro-cracks in the 90° ply of the laminates. In s i tu
microscopy revealed that the micro-cracks are generated in the resin  
predominantly at or near points of contact between fibres  where the s train  
magnification in the resin i s  highest .  The cracks develop c lose  to the 
fibre/matrix interface and extend some way into the resin with the crack 
faces lying normal to the loading axis  in accordance with the model described 
by Tirosh et  al [62] for well bonded f ib re s .  L i t t l e  evidence was found for
the formation of whole debonds around the f ibre /res in  interface.
Under oblique i llumination condit ions ,  the laminates appeared blue at zero 
load. On the application of load, specimens e ither  whitened or reddene^ 
depending on the resin system with which the laminate was made. The
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formation of a transverse ply crack resulted in the appearance of blue bands 
on e i ther  side of the crack while the res t  of the laminate retained a red or 
white colour. The width of the blue bands was proportional to the thickness  
of the inner ply. On reloading, the specimen again showed colour changes 
except in the areas near to a transverse crack which remained blue. I t  
appeared that these areas did not carry load. Within the blue bands, 
micro-cracks were observed to c lo se  up confirming that the colour changes 
were associated with the development of the cracks. Similarly,  the presence 
of these blue bands amidst the red and white colours in the res t  of the 
laminate confirmed that the colours were a true indication of the level  of  
stresses  in the 90° ply.  The blue bands are experimental evidence of the 
s tress  transfer length or s tress  relieved regions f i r s t  proposed by Hahn and 
Tsai [69] ,  over which no load is  carried by the 90° ply.
It  i s  postulated that the colour e f f e c t s  are the resu lt  of scattering  
phenomena akin to Rayleigh and Mie scatter ing from small p a r t ic l e s .  The 
reddening occurs when the cracks in the resin are smaller in s ize  than the 
wavelength of l i g h t  while the "whitening" e f fe c t  i s  the resu l t  of ordinary 
diffuse ref lect ions  and occurs when the gaps are larger than the wavelength 
of l i g h t .
4 .  The s ize  of the micro-cracks developed in the resin depends on the degree
of cure of the res in .  The resin with the lowest degree of cure contains the
largest  micro-cracks. Hence, the laminates made with resin containing 0.5% 
BDMA showed very l i t t l e  reddening but a large degree of whitening. No
micro-cracks could be resolved, using in s itu microscopy, in the 3.0% BDMA
laminates prior to transverse ply cracking. These laminates showed no 
whitening, an e f f e c t  associated with large cracks, but only a reddening 
e f f e c t  attributable  to scatter ing from small gaps. I t  i s  suggested,  
therefore,  that the 'inherent' flaw s ize  for the laminates made with resin  
containing the lowest level  of accelerator (0.5% BDMA) is  much larger than 
that for the laminates made with resin containing higher le v e l s  of 
accelerator (1.5% and 3.0% BDMA).
5. The amount of damage developed in cross-ply  laminates,  measured by the 
in tensi ty  of l ig h t  dif fracted by micro-cracks, was found to be related to the 
thickness of the inner 90° ply and the degree of cure of the res in .  In all  
cases the amount of damage increased exponentially with increasing applied 
strain and i s  believed to describe the increase in the number and s ize  of 
cracks as a function of  applied s tra in .
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The laminates made from 0.5% BDMA resin gave the maximum response in terms of  
the in ten s i ty  of l ig h t  dif fracted by the specimens. The highest  rate of  
increase in in tensity  of l i g h t  was shown by the unidirectional 90° laminate, 
and the lowest by the cross-ply  laminate with a 90° ply thickness of  2 mm. 
The e f f e c t  of decreasing the inner ply thickness of the (0 ,9 0 )s laminates was 
to increase the quantity of damage so that a four-fold decrease in inner ply 
thickness from 2.0 mm to 0.5 mm resulted in a seven-fold increase in the 
amount of damage per millimetre of inner ply thickness,  at a strain of  0.30%. 
It  i s  to be noted that although the transverse ply cracking strain for the 
cross-ply  laminate with the thinnest  inner ply i s  higher than that of  
cross-ply  laminates with the thicker inner p l i e s ,  the micro-damage in i t  i s  
much more severe.  Further, i t  i s  distributed throughout the 90° ply and a 
large number of the micro-cracks are held open due to the presence of the 
thermal res tra int  s tress  in the 90° ply which is  t e n s i l e  in nature.
The amount of damage in laminates made with the 1.5% BDMA resin was much
lower than in the laminates made with 0.5% BDMA res in .  The 3.0% BDMA
laminates had the lowest rates of increase in l i g h t  in tensi ty  as a function 
of applied s tra in .  The overall response of these laminates was very low 
indicating that they contained the l e a s t  amount of damage. The e f f e c t  of
inner ply thickness on the laminates made with resin containing 1.5% and 3.0%
BDMA are not fu l ly  understood and need further work.
6 . Fibres treated with a starch s ize  produced laminates with very poor 
fibre/matrix adhesion and considerable de-wetting was observed. These 
laminates showed no colour e f f e c t s  and transverse cracking occurred at  low 
applied s tra ins .  No s ign i f i can t  increase in the in tensi ty  of l ig h t  
dif fracted with increasing strain was detected in e i ther  the 0.5 % BDMA or 
the 1.5 % BDMA resin systems, prior to fa i lure .  Thus, in systems with 
i n i t i a l l y  poor f ib re /res in  adhesion the cure of the resin wil l  have l i t t l e  
e f f e c t  on the low strain behaviour of the laminate.
7. Cyclic loading/unloading t e s t s  conducted on both the unidirectional and 
cross-ply  laminates made with resin containing 0.5% BDMA showed some 
in terest ing  aspects of crack closure and re-opening. The micro-cracks were 
able to c lose  up on removal of the load and the stress-whitening diminished 
as a consequence of t h i s .  While the colour changes were almost completely 
reversib le  on unloading the whitening in the laminates was only part ia l ly  
reversible  suggesting that while small cracks could c lose  up on removal of  
load the larger cracks remained open. Micro-cracks were observed at  zero
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load, a f ter  t e s t in g ,  near the 0/90 ply interfaces  in laminates with thick 
inner 90° p l i e s  and throughout the 90° ply in laminates with thin inner 
p l i e s .  The presence of  th i s  residual damage was also shown in the 
dif fract ion  pattern obtained at  zero load, after  te s t in g .  The reason for 
these 'open' cracks at zero load i s  the residual t e n s i le  thermal res tra in t  
strain  in the 90° ply.  Although there is  local s tres s  r e l i e f  as the cracks 
form, the ply i s  s t i l l  under a t e n s i l e  s tress  and the larges t  cracks are held 
open. In cross-ply  laminates with the thin inner p l i e s  almost the en t ire  90° 
ply i s  under a high level  of thermal strain imposed by the 0° p l i e s .  For a 
laminate with thicker inner p l i e s  the level of thermal strain i s  lower and 
the region nearest the 0/90 ply interfaces  experiences the highest thermal 
s tra in s ,  espec ia l ly  a t  the free edge. Micro-cracks, therefore,  develop 
predominantly in these regions a ss is ted  by the thermal s tra ins .  The 
micro-cracks in th is  region are also more stable  due to the constraining  
influence of the 0° p l i e s .
On reloading i t  appeared that fr ic t iona l  forces between the crack surfaces  
prevented the immediate re-opening of micro-cracks. Subsequent cycles  showed 
a decrease in th is  e f f e c t .  For all  cross-ply laminates the increase in 
in ten s i ty  during the second loading cycle  was l inear after  the fr ic t iona l  
forces had been overcome, suggesting that no new cracks are introduced prior  
to reaching the previous maximum applied s train .  Under these conditions the 
increase in intensi ty  i s  then simply related to the opening of ex is t ing  
micro-cracks. Beyond th is  s train  the increase in in tensi ty  was returned to 
an exponential type behaviour and corresponds to the formation of new cracks.
8 . The r ev e r s ib i l i ty  of stress-whitening with heat treatment is  associated  
with the healing of micro-cracks in the resin and results  from continued 
curing of the resin.  There i s  no evidence of the re-establishment of the 
bond between fibre and matrix as proposed by Parvizi e t  al [2 ] .  Microscopic 
examination showed that a f ter  heat-treatment at 100°C for 30 minutes, most of  
the cracks which had developed in the 0.5% BDMA laminate after  strain ing to
0 .6%, were inv is ib le  and the residual whitening at zero load had disappeared. 
After reloading and applying a strain  o f  0.35%, most of the original cracks 
remained in v i s ib le .  After straining to 0.65% strain  a proportion of the 
original cracks reappeared but were smaller in s ize  and even r e la t iv e ly  long 
resin cracks which had o r ig in a l ly  appeared at 0.45% strain fa i led  to 
reappear. Re-annealing the specimen removed the fine cracks but some cracks 
around the fibre/matrix interface  were s t i l l  v i s ib l e .  Thusjwhile  the resin
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cracks could be healed, adhesion around the fibre/matrix interface could not 
be reinstated.
The LASER dif fract ion technique showed that the e f f e c t  of successive heat 
treatments on specimens from a 0.5% BDMA cross-ply  laminate were quite  
dramatic. Prior to annealing, a l inear relationship was obtained between the 
logarithm of the in ten s i ty  of l i g h t  detected and the applied s tra in .  After 
annealing once, the gradient of the l in e  remained the same up to the previous 
maximum applied s tra in .  Above th is  strain  the gradient of the l in e  was 
reduced by one third. Thus, the maximum applied strain  reached during the 
f i r s t  cycle acted as a ' trans it ion  po in t ' .  Further annealing treatments 
showed that both gradients, before and a fter  the trans it ion  point continued 
to decrease and the trans it ion  point i t s e l f  became l e s s  sharp. Hence, in
addition to decreasing the rate of re-development of the original cracks on
reloading, the heat treatment reduced the rate of development of 'new' cracks 
formed at higher s tra ins .  The in tensi ty  of l i g h t  detected at a given strain  
was also reduced. For example, the in tensi ty  of l ig h t  detected at  0.4% 
strain was lower by a factor of 25 compared to the original in ten s i ty  a f ter  
the specimen had been annealed for a total time of 13 hours and 10 mins. 
Thus, the amount of damage was lower after  heat-treatment.
Measurements of glass  transit ion  temperature, Tg, performed af ter  each 
annealing treatment, showed a gradual increase in Tg from an original value 
of 107°C to 131°C as the number of  treatments increased. Hence, the resin
continued to cure during annealing. The total amount of l i g h t  detected from
higher cure laminates (containing 1.5% and 3.0% BDMA resin)  during te s t ing  
was much lower than that detected for the lower cure laminates. The decrease 
in the in tensity  of l i g h t  detected after  annealing i s  related to the 
increased level of cure in the same manner by reducing the "inherent" flaw 
s ize  as the level of cure of the resin is  increased. The cracks that showed 
'healing' must have been composed mostly of res in .
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C H A P T E R  7
SUGGESTIONS FOR FURTHER WORK
1. Further work i s  suggested in order to establ ish  whether the change in the 
s ize  of the microcracks with increasing cure is  a direct resu l t  of a change 
in the fracture behaviour of the resin or i s  a result  of changes in the 
f ib re /r e s in  bond strength with increasing cure. In th is  respect measurement 
of the fracture toughness of  the resin and measurement of t e n s i l e  debonding 
s tr e s se s  using curved neck specimens [50] with model large diameter f ibres  
i s  recommended. This information would also be useful in understanding 
various aspects of  transverse ply cracking behaviour.
2.  Experiments on pure resin samples and also on laminates with higher cure 
resins  are recommended in order to establish the regimes of heat treatment 
temperatures and cure l e v e l s  at which healing can occur.
3.  The measurement of thermal restraint  stresses  using asymmetric beams [8]  
in laminates fabricated from resins with the higher lev e l s  of acce lerator  
would be useful.  The parameters needed in the equations,  such as the thermal 
expansion c o e f f i c i e n t s  can be e a s i ly  measured by established techniques.  
Transverse ply cracking strains  may then be analysed more accurately and the 
micro-cracking behaviour of the higher cure laminates may be better  
understood.
4.  The above information may be useful in validating experimentally the se t  
of micromechanics equations recently presented by Chamis [63] to predict the 
f ibre  composite micro-stresses in the fibre ,  matrix and at  the interface of a 
f ibre  composite for thermal and mechanical loading conditions .  The 
transverse ply cracking model of Ogin and Smith [73] could also be validated  
for the higher cure laminate systems. ^
5» The LASER d if fract ion  technique and the optical techniques used in th is  
study can be developed further and employed usefully  for systematic studies  
of micro-cracking behaviour in angle-ply laminates or other suitable  
composite systems.
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APPENDIX 2
a) The Halpin-Tsai equations [95] for the calculation of the unidirectional  
laminate modulus, E-j, in the longitudinal direction and Et , in the 
transverse direct ion.
(1) Et = Em (1 - Vf) + (Ef Vf )
( i i )  Em = Em (1 + ocpVf /  1 -  3Vf )
where X  i s  a constant associated with fibre packing arrangement, 
and 3 = C(Ef /Em) - 1] /  C(Ef /Em) + oc]
x =  2.0 for laminates made from 1200 tex f ib res ,  and 2.2 for laminates made 
with 600 tex f ib res ,
Em = 3.8 GPa for laminates made with matrix containing 0.5% BDMA and 3.4 GPa
for laminates made from resin containing 1.5% and 3.0% BDMA,
Ef  = 72 GPa,
and Vf values were obtained from Table 4 .7 .
The (0 ,90 )s laminate moduli, Ec, were then obtained from,
( i i i )  Ec = [E-,b/(b+d)] + [Et d/(b+d)L
where values of b, the 0° ply thickness and d, half  the 90° ply 
thickness were obtained from Table 4 .7 .
(b) Equations for the calculation of thermal strain in the transverse ply in the 
longitudinal direct ion,6f^  [96] .
(1) e^h = E1b(at  - a-j) (TI - T2) /  (E-jb + Et d)
(ii) a-j - (Em am Vm + Ef cif Vf)/(EmVm + EfVf)
( i i i )  ctf = a^Yj^d + Y m) + a f V f d  + V*f) - a-j
( iv) S>21 =-VmVmv f Vf
where, ®jn(20oC) = 53 X 10 5 K ^
af(20°C) = 4*9 X 10~6 K~X 
= 0.33, Q f  = 0.22
T2 = 20°C (room temperature),
values of TI were obtained from Table 4 .5 .
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